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Abstract

Since NASA announced their plans to take mankind deeper into space, the need to understand
the basic reaction of human cells to the altered gravity environment has increased. Generally, it is
hypothesized that human cells sense gravity changes via the cytoskeleton. However, live cell imaging
was not possible until now. In addition, various cell types cultured under microgravity conditions grew
in the form of multicellular spheroids (MCS). These MCS often closely resemble the in vivo tissue
from which they originate. This thesis includes four publications highlighting cytoskeletal alterations
in cancer cells under altered gravity conditions, as well as, the formation and the mechanisms of MCS
growth in thyroid- and breast cancer cells.

The first paper focused on the development of a compact fluorescence microscope (FLUMIAS)
for fast live-cell imaging in real microgravity. For the first time, the F-actin cytoskeleton was
visualized in living Lifeact-GFP expressing follicular thyroid cancer cells (FTC-133) in response to
microgravity.

The second paper investigated the early changes in gene expression of follicular thyroid cancer
cells exposed to the RPM. The genes were regulated in a pro-angiogenic manner in MCS compared to
controls.

Driven by the hypothesis that cells form tissue-specific MCS under microgravity conditions,
MCEF-7 breast cancer cells were exposed to the RPM. After a five-day RPM-exposure, the majority of
MCS presented a cell-free lumen resembling ducts formed in vivo by human epithelial breast cells.
Pathway analyses revealed involvement in the organization and regulation of cell shape, cell tip
formation and membrane-to-membrane docking (Paper 3).

Paper number 4 demonstrated the importance of NF-kB for MCS formation in RPM-exposed
MCE-7 cells. An interaction analysis of 47 investigated genes suggested that HMOX-1, ICAM1 and
NF-«B variants are activated when multicellular spheroids are formed. In addition, the application of

NF-kB inhibitors resulted in a decrease in MCS formation.
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1 Preface

This doctoral thesis includes experiments conducted and analysed between April 2015 and
December 2017 at the University Clinic (Clinic for Plastic, Aesthetic and Hand Surgery, working
group of Professor Dr. med. Daniela Grimm) of the Otto-von-Guericke-University Magdeburg in
Germany. Experiments using the Random Positioning Machine (RPM), enzyme-linked
immunosorbent assays (ELISAs) and confocal laser scanning microscopy (CLSM) were performed at
Aarhus University, Department of Biomedicine (Aarhus, Denmark), in the laboratories of Professor
Dr. med. Daniela Grimm.

Live-cell imaging analyses of human cells were performed during the 24" DLR parabolic flight
campaign (PFC) in February 2014 at NOVESPACE, Bordeaux-Merignac, France and during the
TEXUS 52 Mission in April 2015 at Esrange, launch centre, Kiruna, Sweden. In addition, the group
attended the 25" DLR PFC. These missions were possible due to the cooperation of the German
Aerospace Agency with the Swedish Space Agency and the companies Airbus Defence & Space
(ADS), FEI Munich GmbH, DLR MORABA, OHB-System AG and Novespace (Bordeaux, France).

(24" and 25"  parabolic flight campaigns: http://www.dlr.de/rd/desktopdefault.aspx/tabid-
9288/15996 read-39383/; http://www.dlr.de/rd/desktopdefault.aspx/tabid-9964/17036 read-41225;
and sounding rocket flight campaign TEXUS-52: http://www.dlr.de/rd/desktopdefault.aspx/tabid-
9288/15996 read-39383/).

Supervisors:

Professor Dr. med. Daniela Grimm

Institute for Biomedicine, Pharmacology, Aarhus University,

Aarhus, Denmark

and

Guest Professor for Gravitational Biology and Translational Regenerative Medicine
Otto-von-Guericke-University, Magdeburg, Germany

Professor Dr. med. Manfred Infanger

Director of the Clinic for Plastic, Aesthetic and Hand Surgery
University Hospital, Otto-von-Guericke-University Magdeburg,
Magdeburg, Germany

Mentor:

Professor Thomas Corydon

Professor for Experimental Ocular Gene Therapy

Department of Biomedicine and Department of Clinical Medicine, Aarhus University,
Aarhus, Denmark
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2 Hypotheses

The hypotheses for this thesis are: 1) Microgravity alters the cytoskeleton in different cell
types. 2) Exposure to the RPM induces scaffold-free 3D multicellular spheroid (MCS) formation.
These spheroids might be a valuable tool for the identification of new drug targets as they resemble the
in vivo tissue much closer than conventional cell culture. 3) Several signalling pathways influence 3D
growth of thyroid cancer cells and breast cancer cells. 4) These cancer cells synthesize different
proteins in microgravity, showing an altered gene expression pattern of genes involved in angiogenesis

and 5) the NF-kB signalling pathway is involved in the formation of MCS.

3 Aims

The principal aims of this doctoral thesis were:

a. to verify whether and how the cytoskeleton changes in microgravity using live-cell imaging with
a newly engineered microscope, suitable for operation during parabolic flights and sounding
rocket flights.

b. to investigate the mechanisms of 3D growth after cell exposure to the RPM by focusing on
factors playing a key role in angiogenesis and metastasis in cancer.

c. to evaluate the gene expression in 3D spheroids and adherent cancer cells via microarray and
gPCR techniques. This was performed by evaluating gene and protein data using pathway

analysis programs

4 Introduction

Long-term stays of astronauts on space stations like the International Space Station (ISS), as
well as recent plans for human deep space exploration, have boosted interest in microgravity-related
changes occurring in the human body (1). In addition, a stay in real microgravity in space was found to
be an interesting environment for the investigation of cell growth behaviour and 3D tissue engineering
(2-4). To study the effects of real microgravity (r-ug) on human cells, a variety of platforms are
available, ranging from drop-towers to space stations. However, there are also some devices aiming to
simulate microgravity (s-pug), which are easily accessible to perform control and pilot studies on Earth

(see below).



4.1 Humans in Space

The desire to explore the unknown is an innate trait of humanity, which has also driven
mankind to conquer space. However, humans have to face different kinds of challenges when they live
in space for a longer time period, for example severe health problems (5). Despite the psychological
aspects of being confined to a restricted area and being exposed to a variety of cosmic radiation, the
condition of weightlessness is a challenge that has an immediate effect on the astronauts (5). As life on
Earth evolved under a constant gravitational force, it is imaginable that microgravity conditions can
induce in massive changes. Especially the weight-bearing structures like bones, muscles and cartilage
are exposed to different sets of stresses (5).

The most prominent weight-bearing system affected by microgravity is the skeleton, which
develops osteoporosis-like lesions when exposed to microgravity (4, 6). The bone mass is decreased,
and its microarchitecture is altered due to disuse, especially in the lower limbs (6).

Comparable effects can be observed when investigating the muscle mass and strength of
astronauts. As smaller forces are necessary for the movement and handling of objects or their own
bodies, astronauts’ muscles degenerate in a comparable fashion to muscle atrophy on Earth (7).

In addition, cartilage needs a moderate but continuous load to stay healthy. As the tissue is not
directly blood supplied, nutrient exchange is mainly achieved by a sponge effect when it is loaded and
released. Due to unloading in microgravity, cartilage tissue is not sufficiently supplied and, as a result,
degenerates (8).

Furthermore, microgravity induces a fluid shift in the body, leading to fluid accumulation in the
upper part, a condition called “Puffy Face Birds Leg Syndrome” (5). While blood is not flowing with
the gravity vector into the lower body, the heart does not need to pump blood against gravity into the
upper body.

Additional systems that undergo dysregulation during and after long-term residence in

microgravity are the immune system (1), the cardiovascular system (9) and the ocular system (10).

4.2 Microgravity Research Platforms

The following paragraphs will explain the different possibilities to investigate biological
samples in real and simulated microgravity. They will give an overview about the duration of

microgravity and how it is possible to simulate microgravity on Earth.



4.2.1 Real Microgravity

The platforms for research in real microgravity can be arranged by the duration of achieved
microgravity, ranging from a couple of seconds up to weeks (Fig. 1).

Drop towers, such as the one operated by the Zentrum fiir Angewandte Raumfahrttechnologie und
Mikrogravitation (ZARM) in Bremen, can provide up to 9 s of high-quality, perturbation-free
microgravity of about 10° g. A vacuum is generated inside the tower. A capsule, carrying the
experiments, is shot upright with the help of a catapult, following a ballistic flight path, during which
the samples on board the capsule experience weightlessness (11).

The next platform to obtain real microgravity is a parabolic flight. A specially equipped aircraft
conducts a parabolic flight manoeuvre up to 31 times. Each parabola starts with a 20-s hyper-g phase
of ~1.8 g, followed by 22 s of microgravity and ends with a second 20-s hyper-g phase. In total, one
flight day results in a cumulative time of about 12 min of microgravity. On this unique platform,
scientists can perform their own experiments while in weightlessness (12).

Another platform for studies in microgravity are sounding rockets. They carry payloads equipped
with experiments on a very steep parabola up to a height of 705 km depending on the motor system
used. In Europe, the rocket launch centre is ESRANGE, located near Kiruna, Sweden, in a sparsely
inhabited area. This is necessary, as during the flight, the motors of the rocket are ejected and fall back
uncontrolled to Earth. In addition, the payload will land on Earth, speed-controlled by a parachute. The
most famous cargo rockets are MASER/TEXUS, which reach an apogee of about 260 km and
maximum microgravity duration of 6 min, and MAXUS, which reaches 705 km and microgravity
duration of 15 min. During the flight, most of the experiments can be checked and controlled via
telemetry (13).

An unmanned spacecraft can increase the duration the time in orbit up to weeks. These are usually
satellites equipped with a variety of experiments, which are automatically executed. Brought into
lower Earth orbit (LEO), they accomplish their tasks and return to Earth. An example is the
SIMBOX/Shenzhou-8 mission flown in 2011, where thyroid cancer cells, among other cell types, were
carried into space by a Shenzhou rocket. During the 2-week stay in space, the cells were automatically
fed and fixed before the capsule returned to Earth (14).

In addition, the most famous laboratory in space is the ISS. It was built in space piece by piece
starting in 1998 with the Russian module Zarya. From 2000 until now, it was continuously used and

experiments from various disciplines have been executed (http://www.space.com/16748-international-

space-station.html) in its facilities. Moreover, the PR China is currently constructing a Chinese Space

Station (CSS), Tiangong, which will consist of multiple modules and is supposed to be in operative

condition by 2020 (http://www.space.com/27320-tiangong-1.html).
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Figure 1 Schematic representation of real microgravity research platforms arranged by experiment
duration and altitude. Highlighted boxes indicate the range of flight altitudes achieved by the various
platforms.

4.2.2 Simulated Microgravity

Bringing a sample into space and to the ISS is a financial and logistical challenge and only a few
scientists have the opportunity to carry out a space experiment (15). In addition, the replications of the
experiments and the number of samples are also severely limited (16). Therefore, simulations prior to
the actual r-ug experiments are the method of choice to optimize the experimental setup and minimize
failure. Furthermore, performing s-ug experiments, exposing biological samples to this special culture
environment can increase our knowledge of cell behaviour. For that purpose, a variety of devices were
invented to cancel particle sedimentation. In theory, that should simulate microgravity and is called
clinorotation (17); however, each approach has its own inherent drawbacks.

The classical 2-dimensional (2D) clinostat rotates a sample around an axis perpendicular to the
gravity vector (18). Details of the device are published in Herranz er al. 2013 (19). Calculations
revealed that samples should not exceed a radius of 1.5 mm around the rotation axis, and rotation
speed should be restricted to less than 60 rpm, which results in a theoretical g-force of 6 x 107 g (18).
While the fluid disturbance and the shear forces are rather low using the 2D clinostat, the sample size
itself is clearly limited (18).

The RPM, uses a comparable principle but can add two additional dimensions (Fig. 2A). Two

cardanic frames are rotated independently, enabling random motion and increasing the sample



diameter (20). While the sample is rotated, it follows a spherical path of movement (Fig. 2 B)
Calculations revealed that at a radius of 7 cm around the rotation point and at 12.5 rpm, the residual
acceleration is between 10 and 10~ g (21). Even though the sample size is larger compared to that in
the 2D clinostat, depending on the cell culture flasks used, shear forces arise, especially on the walls of

the flasks, which need to be taken into account when discussing experimental results (22, 23).

Figure 2 The Random Positioning Machine. Operating RPM (A) and the principle of annulling particle
sedimentation on the RPM (B).

4.3 The Cytoskeleton as a “Gravireceptor”?

The cytoskeleton is a composite of microfilaments, microtubules and intermediate filaments,
which, in concert, contribute to cell shape and maintenance. In addition, it connects the cell
environment with the cytoplasm by transmitting chemical and physical signals (24).

Usually, higher organisms use gravity-specific organs to perceive gravity and to orientate
themselves in the 3D environment on Earth. While plants use statocytes in their roots, in which
statoliths fall on receptors and provide the plant information in up and down directions (25), mammals
have comparable mechanisms in the inner ear. The vestibular organ, especially the ortholitic organ, is
responsible for sensing changes in linear acceleration and for the initiation of related reactions (25).

Interestingly, single cells without a specific gravity-sensing organ are also reacting to changes in
g-forces. Human immune cells exposed to r- and s-pg presented various alterations. T-lymphocytes,
for example, lost their mitogenic activation during weightlessness in space (26). In addition,
experiments in r-ug revealed gene expression changes in monocytes associated with differentiation
into macrophages (27, 28). Differentiated macrophages in turn presented a reduced activity of reactive

oxygen species immediately in response to microgravity during a parabolic flight (29).
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However, in addition to highly reactive immune cells, cells of lower turnover tissues like bone and
cartilage also showed changes upon exposure to weightlessness. Osteoblasts flown on a space shuttle
mission presented a reduced growth rate even though cell viability was normal (30). In addition,
chondrocytes cultured on the RPM changed their extracellular matrix (ECM) expression leading to
enhanced ECM secretion (31). Further cell types that altered their usual 1-g behaviour were
endothelial cells (32) and glial cells (33), which exhibited an increased apoptosis rate in adherent cells,
among other changes, when cultured under gravitational unloading conditions.

How can we explain the sometimes-massive changes of the different cell types, assuming they are
not specialized gravity-sensing? How is the physical signal of gravity perceived by the cell and
translated into a chemical signal? All cell types mentioned above, among others, showed a similar
phenomenon. Irrespective of r- or s-ug, cytoskeletal changes developed upon various durations of
exposure (34). Even though there are cell-type-specific differences, especially in the speed of the
rearrangement and the re-adaptation to its previous state, the highly dynamic major cytoskeletal parts
are postulated to be the “gravireceptor” of non-specialized cells (34). Having a deeper insight into the
properties and functions of the cytoskeleton makes this suggestion even more plausible, as its major
roles are spatial organization of cell contents, physical and chemical connection of the cell’s interior
and environment and coordinated movement (24). While it is still unclear how cells can transduce
mechanical stress, including gravity changes, into a chemical signal, a model was postulated that relies
on the cells having a tension-dependent architecture to organize and stabilize the cytoskeleton. In
short, this “tensegrity model” is based on a pre-existing tension in cells (Fig. 3). When mechanical
stress is applied, cells are forced to change their morphology. This change is transmitted via focal
adhesion complexes in the cell membrane to the anchored cytoskeleton. As a result, the cytoskeleton

rearranges, cell organelles are newly organized and gene expression is changed (35).

1g Mg

Figure 3 The tensegrity model. The tensegrity model describes the cell under pressure during 1 g and the
released form during microgravity. Arrows indicate physical pressure. Red applications present focal adhesions,
while green and blue show actin filaments and microtubules.
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4.4 Tissue Engineering in Microgravity

Tissue engineering is the combination of the disciplines cell culture, engineering and
biomaterials to replace or improve biological tissues. For a long time, the increased interest and its
manifold applications made tissue engineering a stand-alone discipline (36). In addition to its
definition, engineered tissue can also be used for testing new drugs or even as a food source (37).

Despite the fundamental reactions of cells to microgravity conditions and the importance for
future space adventures, one important change is the formation of living 3D cell aggregates, also
called multicellular spheroids (38). During long-term cultivation of adherent cell monolayers, either in
space or on ground-based s-ug devices, some cells start to detach from the substrate and form
aggregates (Fig. 4). These MCS, depending on the origin of the cells, resemble their tissue-specific
morphologies and properties (15).
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Figure 4 Formation of multicellular spheroids. During cultivation of adherent cells under altered gravity
conditions a part of the cells detach from the substrate and form viable 3D-aggregates which float in the
supernatant.

Recent space experiments for 7 d revealed a scaffold-free development of tube-like MCS using the
human endothelial cell line EA.hy926 (39). Comparable results were found when EA.hy926 cells were
cultured under s-ug conditions for various time spans (32, 40, 41). Tubes that resembled an intima-like
structure were found after 3 d of culturing EA.hy926 cells on the RPM, accompanied by an increased
rate of apoptosis (32). Furthermore, cultivation on the RPM for a longer time period elicited an
elongation of the tubular structures of up to 12 mm (15).

Human chondrocytes cultured on the RPM formed 3D aggregates after 5 d (42). This process was
accompanied by a changed production of extracellular matrix proteins (ECM) enhancing the
functionality of the tissue (42). Human adult retinal pigment epithelial cells exposed to the RPM for 5
and 10 d formed MCS. As observed in chondrocytes, this was accompanied by changes in the
production of ECM proteins (10).

Different studies of thyroid cells were conducted in r- and s-ug using different devices.
Experiments on an unmanned spacecraft (Fig. 1) during the SIMBOX/Shenzhou-8 mission showed
MCS formation of the thyroid cancer cell line FTC-133 after 10 d in space. Gene array analyses
revealed over 2880 differentially expressed genes in the space samples, of which most were classified

as involved in the stress response and proliferation, with the majority of them regulated in an anti-
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proliferative direction (43). Of note, after an exposure to the RPM for 7 or 14 d, healthy thyroid cells
of the cell line Nthy-ori 3-1 form 3D multicellular structures resembling the metastasis-like MCS
produced by thyroid cancer cells (44). Even though MCS produced by the normal cell line were
smaller than the ones produced by cancer cells, major factors like the actin (ACTB) and tubulin

(TUBB) genes were similarly differentially expressed (44).

4.5 Cancer

Cancer is a major cause of mortality worldwide with approximately 14 million new cases in
2012, a figure that is expected to increase by 70% in the next two decades (45). In 2015, cancer was
responsible for 8.8 million deaths, making it the second leading cause of death globally (46). Cancer is
a general term for a collection of diseases that can affect the whole body and is caused by abnormally
growing cells (neoplasm or malignant tumour), which can grow beyond their normal boarders, invade
neighbouring tissue and spread into far away body parts (metastases) (46). In this thesis, the focus is
on the investigation of breast cancer, which was the second most common type of cancer in 2012 (45),

and thyroid cancer, which is a frequent malignant neoplasm of the endocrine organs.

4.5.1 Thyroid Cancer

Thyroid cancer is classified histopathologically into five subtypes. Depending on the status of
differentiation, mortality ranges from a very mild outcome with 97% and 93% 5- and 10-year survival
rates, respectively, up to a very poor outcome of a 10% 1-year survival rate (47). The most common
treatment for thyroid cancer is surgical removal accompanied by radioiodine therapy. While
differentiated thyroid cancer cells are still capable of incorporating iodide, de-differentiated thyroid
cancer cells lose this ability. For this reason, papillary and follicular thyroid carcinomas have a mild
outcome in most cases, whereas de-differentiated thyroid cancer cells are difficult to treat (47).

To find new molecular targets for future treatment of de-differentiated thyroid carcinoma cells,
low-differentiated FTC-133 follicular thyroid cancer cells are investigated when forming multicellular

tumour spheroids on the RPM.

4.5.2 Breast Cancer

Breast cancer is the most frequent neoplasm in females and is divided into different subtypes
on the basis of classical immunohistochemical markers like estrogen receptor and progesterone
receptor, together with traditional clinico-pathological variables like tumour size and grade (48).
Depending on the expression of these receptors in combination with the human epidermal growth

factor 2 (Her2), the subtypes are ranked from 1, good outcome, to 3, poor outcome. However, as high-
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throughput applications evolve and get easily accessible, the heterogeneity of these diverse neoplasms
is found to be higher than expected (48). While early prognosis and good therapeutic treatment
reduces the mortality of breast neoplasms, heterogeneity often results in resistance to pharmaceuticals
(49).

This thesis focused on breast cancer cell behaviour when metastasis-like 3D structures formed on
the RPM. Using the human breast cancer cells MCF-7, which are highly differentiated and express the
estrogen and progesterone receptor, it focused on the driving factors of MCS. These factors might be

interesting candidates in the search for future drug targets.

5 Discussion of the Publications

In the following sections, four selected publications are summarized and discussed.

5.1 Alterations of the Cytoskeleton in Human Cells in Space Proved by

Live-Cell Imaging

A variety of experiments conducted on different cell types revealed cytoskeletal changes after
short-term exposure to r-ug, however, investigations were only possible after fixation and post-flight
analyses (12, 50). Ultimately, it remained unclear how fast the cytoskeleton rearranges itself, how it
adapts to microgravity and if fixation in microgravity produces artefacts of cytoskeletal
rearrangements. Therefore, the compact fluorescent confocal laser scanning microscope FLUMIAS
was developed and was first tested during parabolic flights, successfully showing very-short-term
reactions to r-pg in living cells, and finally used during a sounding rocket mission.

A major task for this study was to produce living cells that were stably transfected to visualize the
F-actin cytoskeleton. We used the FTC-133 cell line, because these cells had been successfully used
for space experiments (14, 51) and had proven to be relatively resistant to changes in temperature and
lack of CO,. They were stably transfected with a pcDNA3.1 (+)-based vector, entitled pLAGICT,
simultaneously expressing the F-actin binding Lifeact-GFP hybrid protein as well as mCherry-tubulin
(13). After cell transfection and G418 selection, resistant FTC-133 clones were isolated as those that
showed bright GFP fluorescence (Ref. 13 Figure 3).

The key component of the FLUMIAS apparatus is a spinning disc confocal laser scanning
fluorescence microscope, which was developed by FEI Munich GmbH. This microscope is capable of
scanning thousands of sample points in parallel, resulting in rapid image creation. In addition, by using
this setup, one has the advantage of eliminating out-of-focus light in each image plane, resulting in
thin image slices with a high level of contrast and an improved signal-to-noise ratio (13)(Ref. 13
Figure. 1 and 2). Due to space requirements, the acceleration and vibration of the rocket during launch
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and the restricted space, the alignment of the microscope components was adapted, and movable parts
were limited to a minimum (Fig. 5D).

Prior to the experiments, human follicular thyroid cancer cells were seeded onto IBIDI pSlides
(Fig. 5B), which hold medium chambers. Slides were then installed within the late access unit
(developed and built by ADS), which was heated to 37 °C and kept until the very last moment before
integration into the rocket.

To verify whether the microscope was working under microgravity conditions, and to obtain initial
results of living cells in microgravity, the setup was tested during the 24™ DLR parabolic flight
campaign on board the A300 Zero G, operated by Novespace, Bordeaux, France. During the first
parabola and as an immediate reaction to microgravity, actin bundles were disturbed and ‘“holes”
appeared in the cytoplasm, which were not visible in ground control samples. Furthermore, it seemed
that the observed cytoskeletal changes developed during the following parabolas. In addition, the
analysis indicated the disappearance of microvilli or filopodia- and lamellipodia-like structures during
parabolic flights. These findings show that cytoskeletal changes are happening predominantly in the
microgravity phase rather than in the hyper-g phases. To exclude the possibility of cytoskeletal
changes due to vibration and hyper-g during the parabolic flights, cells were centrifuged at 1.8 g for 2
h, exposed to a parabolic flight vibration profile for 2 h and analysed with the FLUMIAS microscope.
We found microvilli in 1 g ground control samples, which disappeared after 2 h of 1.8 g while
prominent stress fibres arose. The vibration experiment, however, resulted in cells bearing cytoskeletal
holes as seen during the parabolic flights.

To determine whether visible changes were in accordance with transcriptional changes, an
experiment executed in parallel used fixed cells of the same batch after the last parabola for gPCR
analysis. ACTB gene expression was highly upregulated in transfected cells after parabola 31, while
vibration and hyper-g showed no influence on cytoskeleton-related genes, which supported the
hypothesis that changes occur due to microgravity.

To minimize the effect of vibration and acceleration and to increase the duration of microgravity,
FLUMIAS was flown on the TEXUS 52 sounding rocket mission. Cells were prepared as prior to the
parabolic flight mission and kept at 37 °C until launch (Fig. 5C, E). Pictures were taken pre-launch to
be compared with pictures from microgravity. Immediately after entering microgravity, the cell
morphology changed markedly. Where prominent actin bundles were visible in the pre-flight picture,
they were annihilated and noticeable cell attachments with microvilli arose (Fig. S5F).

In summary, live-cell imaging revealed that both cell morphology and the actin cytoskeleton are
strikingly changed as a result of microgravity exposure. Finally, FLUMIAS proved to be a powerful

tool to explore live translocations within biological systems upon ug influence.

15



Figure 5 Different stages of the FLUMIAS preparatory and experimental workflow. Clean bench work (A)
and filling the IBIDI pSlides (B; Paper 1 Fig. 3 D). Further, the implementation of the slides into the late access
unit (C) and incorporation of the late access unit into the microscope (D) (shown here is a test prior to
installation in the rocket body). The rocket launch (E) and the results obtained from 1 g pre-flight followed by
image stacks during microgravity in space (F). All work was performed at Esrange, Kiruna, Sweden.

5.2 Pathways Regulating Spheroid Formation of Human Follicular
Thyroid Cancer Cells under Simulated Microgravity Conditions: A

Genetic Approach.

Altered gravity conditions offer new possibilities to investigate cellular behaviour and can be a
valuable tool for tissue engineering (15). A variety of cell types are known to form 3D cell aggregates
when cultured under r-ug (14, 39) and s-pug (10, 32, 42, 44). However, the underlying mechanisms
have yet to be studied. In most cases, the MCS are very similar to the in vivo tissue from which they
originate, which makes cancer-related MCS an especially valuable tool to investigate new drug targets.
The aim of this study was to identify pathways involved in MCS formation of the human thyroid
cancer cell line UCLA RO82-W-1 after 24 h of RPM exposure by applying molecular biological as
well as in silico methods. Semi-confluent UCLA RO82-W-1 cells exposed to the RPM separated into
two cell populations. One continued to grow adherently (AD), while the other formed 3D cell
aggregates (MCS).

To investigate the process of spheroid formation, 24 genes, which were implicated in the
formation and inhibition of MCS in previous studies, were selected for further analysis. These could
be classified as follows: establishing and regulating cell structure, extracellular proteins regulating cell

behaviour and proteins involved in angiogenesis and signalling processes. A pathway studio analysis
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revealed that the expression of these genes was mutually controlled within the frame of a network
(Fig. 6) which spanned the cell exterior, the membrane, the cytoplasm and the nucleus.

Examining the gene expression of cytoskeleton and cytoskeleton-associated proteins revealed a
significant downregulation in most MCS samples for ACTB, KRTS, EZR, RDX, ACTA2 and TUBB.
Factors involved in angiogenesis, like VEGFA and VEGFD, were upregulated in MCS samples in
addition to an increased VEGFA protein concentration in the cell culture supernatant, while associated
VEGFR?2 receptor was only slightly downregulated. A member of the protein kinase C (PKC)
pathway, PRKCA, which is involved in proliferation, showed a clear downregulation in RPM samples,
which was also the case for connective tissue growth factor (CTGF).

As previously described, the amount of ECM in concert with increased caveolin-1 (CAVI) can
cause a firm anchoring of the cells and thus an inhibition of MCS formation (51). To complement
these results, gene expression profiles of ECM proteins and ECM-degrading proteins were
investigated. Matrix metalloproteinase-3 (MMP3) was significantly upregulated in AD and MCS
samples, while MM P9 was upregulated in AD but downregulated in MCS samples. In addition, CAV/
and CAV2 were downregulated in AD and MCS samples.

Figure 6 (Paper 2 Fig. 6) Mutual interaction of selected genes involved in spheroid formation. Arrows with a (+)
indicate positive regulation, stand-alone arrows indicate interaction and connections with flat arrowhead indicate
negative regulation.

An in silico search for mutual gene regulation between the selected genes revealed all genes to be
in a network with CTGF representing the core. Furthermore, results from recent studies using the
thyroid cancer cell line FTC-133 (52) indicated that plasminogen might inhibit proper spheroid
formation. In this study on UCLA RO82-W1 thyroid cancer cells, the plasminogen activator inhibitor-
1 (PAII) was significantly downregulated.
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gPCR indicated that in cells remaining adherent during the first 24 h of RPM exposure, 16 of the
24 genes investigated remained unaltered, while 7 were downregulated and 1 was upregulated. In
contrast, MCS showed 10 non-regulated, 11 downregulated and 3 upregulated genes. To explain the
different gene expression patterns of AD and MCS and how they might contribute to the formation of
spheroids, qPCR results and pathway analyses results were matched. Most interestingly, VEGFA and
VEGFD showed pronounced and simultaneous upregulation in MCS and were simultaneously
upregulated earlier (53). In addition, RPM samples presented an elevated VEGFA protein content in
the supernatant, suggesting the cells to be grown at higher levels of VEGFA. This proposes that only
cells with a combined upregulation of VEGFA and VEGFD build spheroids. As presented in figure 5,
VEGF affects the regulation of a variety of genes. Among other targets, it is known to downregulate
o/B-actin gene expression (54) and to upregulate MMP-3/9 expression (55, 56). In addition, we found
in earlier experiments a downregulation of PAIl, which was associated with enhanced VEGF protein
expression (57).

Taken together, the gene expression pattern of ECM-involved molecules and the regulatory
features and resulting gene expression changes of VEGF point in the direction of an environment

conducive to spheroid formation and might help the cells to switch from 2D to 3D growth.

5.3 Identifications of Novel Mechanisms in Breast Cancer Cells Involving
Duct-Like Multicellular Spheroid Formation after Exposure to the

Random Positioning Machine

In most cases, MCS of different cell types exhibit tissue-specific properties. Therefore, studies
on MCS formed under altered gravity conditions are of high interest for tissue engineering and
pharmaceutical development (58).

Breast cancer is the second most common cancer worldwide, and the probability of a complete
cure is enhanced by the availability of a wide variety of effective treatments. However, tumours can
either respond poorly to chemotherapeutics or can develop resistance to drugs, which increases the
need to find new targets in this cancer type, in addition to easy-to-study tools.

In this publication, we investigated the formation of MCS of the human breast cancer cell line
MCEF-7. A time series of 2 h, 4 h, 16 h, 24 h and 5 d of exposure to the RPM was used to provide
initial insight into the nature and course of changes in breast cancer cells transitioning from 2D growth
to 3D-tissue-specific cell aggregate formation.

We detected that after a 16-h RPM exposure the cells started to form solid MCS being suspended
in the supernatant along AD cells. After a 5-d exposure, these solid MCS were mostly replaced by
MCS exhibiting a cell-free lumen. Histological examinations revealed that these structures consisted
of a cavity lined by a single layer of cells comparable to ducts in breast tissue. In addition, the cells
presented a visible polarization.
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Polarization of cells is mandatory for the production of milk. To investigate changes in cell
polarization, we examined the gene expression of the involved Par3(Bazooka)-Par6-aPKC protein
complex, which localizes at the apical membrane and promotes the apical membrane identity. While
PRKCI gene expression was downregulated in 5d-MCS, PARD3, PARD6 and RHOA, mRNAs were
unregulated, suggesting that the cells were not fully polarized.

This hypothesis was supported by investigation of the morphological changes revealed by F-actin
and 4',6-diamidino-2-phenylindole (DAPI) nuclear staining of cells after RPM exposure. While short-
term RPM exposure resulted in membrane blebbing after 2 h, stress fibres after 4 h and cytoskeletal
holes after 24 h, these effects were all present in 5d-RPM-AD cells. An accumulation of F-actin was
visible at the cell boundaries, and some cells showed pronounced cytoskeletal holes and stress fibres.
Cells included in the MCS presented an accumulation of actin at the cell boundaries but no distinct
polymerization direction was visible.

In order to identify the underlying mechanisms of the transition from 2D to 3D growth, we
selected 29 genes, which came into focus during earlier studies. They consisted of 6 extracellular
matrix proteins, 6 membrane proteins, 15 cytoplasmic proteins, and 2 nuclear proteins. Gene products
are categorized as follows: regulation and maintenance of cell structure, apoptosis or specific to female
epithelial cells. Pathway analysis revealed that the gene expression of 28 genes is mutually controlled
within the frame of a network and its gene products are localized in the cell environment, the

membrane and the nucleus (Fig. 7).
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Figure 7 (Paper 3 Fig. 5) Network of mutually controlled gene products spanning from outside the cell, across
the plasma membrane to the nucleus. (+) indicates positive regulation, while blunt arrowhead indicates negative
interaction

First, we investigated the gene expression of cytoskeletal and associated proteins. While after
short-term RPM exposure, no significant regulation of these genes was visible, remarkable

downregulation of gene expression was found in 5-d-MCS, suggesting dramatic rearrangements.
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Because the composition of the extracellular matrix is crucial for tissues, the gene expression of
laminin (LAMA3), fibronectin (FN) and collagen IV (COL4A5) was analysed in concert with that of
anchoring proteins like integrin-B-1 (ITGB1) and intercellular adhesion molecule 1 (ICAM1). While
most genes were unregulated from 2 h to 16 h of RPM exposure, FN presented a downregulation in
RPM-AD cells after 2 h and ITGBI an upregulation after 4 h. Notably, in the time course, anchoring
gene products and most ECM gene products revealed a significant regulation in MCS after 24 h and 5
d of exposure to the RPM.

As a major factor in angiogenesis and a proven target for cancer therapy, the vascular endothelial
growth factor signalling pathway is of high interest for tissue formation. We investigated the gene
expression of involved genes and found vascular endothelial growth factor A (VEGFA) significantly
upregulated after 2 h and 4 h in RPM-AD cells, while from 16 h to 5 d, it was massively
downregulated in RPM-exposed cells. In contrast, the VEGF receptors were only marginally regulated
after short-term exposure, and only vascular endothelial growth factor receptor 2 (FLKI) was
noticeably downregulated after a 5-d exposure. In addition, downstream signalling pathway molecules
were predominantly downregulated compared with the corresponding controls.

Finally, we investigated the expression of the signalling molecule interleukin 8 (/LS) and the
female epithelial-associated oestrogen (ESRI) and progesterone (PGRI) receptors. IL8 was highly
upregulated in RPM-AD cells after 2 h and 4 h and in 24h-MCS. The estrogen receptor gene
expression was only significantly upregulated in 5d-RPM-AD, while the progesterone receptor gene
expression was significantly upregulated in 5d-RPM-AD and MCS cells.

As demonstrated in this thesis, cytoskeletal changes occurring as soon as 2 h after RPM exposure
might mark the point of 3D growth initiation. By altering the cytoskeleton, signalling pathways, gene
expression and protein synthesis are influenced. After 5 d of RPM culture, the cells had split into
adherently growing cells and 3D-aggregates with a cell-free lumen. These cells presented an apical-
basal polarity, which can only be established when cells interact with the surrounding medium,
neighbouring cells and the ECM. Initiation of lumen building might be possible due to the interaction
of integrin in the membrane and laminin, as both were upregulated in MCS.

While we, so far, could only present non-malignant cells to form tissue-like structures, such as
chondrocytes form cartilage and endothelial cells form the intima of blood vessels, malignant cells
usually had built up round metastases. The reason that MCF-7 breast cancer cells form gland-like
structures to be found in mammary gland tissue might be due to the high grade of differentiation, also
shown by the expression of estrogen and especially the highly upregulated progesterone receptors in
MCS. In addition, other studies suggest that simulated microgravity initiates the reversion of the
neoplastic phenotype of lung cancer stem cells (59) giving another hint as to why breast cancer cells
form gland-like structures.

VEGF pathway molecules are involved in promoting angiogenesis and linked to increased

malignancy of cancer cells (60). Therefore, targeting this molecular group to fight cancer is of high
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interest (60). We found VEGFA to be highly upregulated in cells exposed to the RPM for 2 h and 4 h,
which indicates that the cells were preparing the process of angiogenesis. In addition, after 16 h, 24 h
and 5 d, a downregulation of VEGFA was detected, which was also shown for thyroid cells exposed to
the RPM for 7 d (44) and in space (43). This suggests decreased malignancy of the breast cancer cells
in the direction of a healthy cell phenotype, which may explain the formation of tissue look-alike
spheroids and agrees with the results previously obtained for lung cancer cells, which exhibited a less
aggressive phenotype after being exposed to simulated microgravity (59).

In summary, we could produce MCS from breast cancer cells by exposing them to the RPM.
These 3D structures exhibit the morphology of healthy glands in vivo. In addition, we showed a
decrease of angiogenesis initiation, suggesting differentiation of MCF-7 cells grown in 3D spheroids
towards a less aggressive cancer type. If the spheroids resemble real ducts with comparable functions

as in vivo has to be determined in future studies.

5.4 The role of NF-kB in Spheroid Formation of Human Breast Cancer

Cells Cultured on the Random Positioning Machine.

Studies on low-differentiated follicular thyroid cancer cells of the FTC-133 cell line exposed
to the RPM for 24 h suggested that NF-«B is involved in the process of spheroid formation (61). When
this result can be confirmed for other cancer cell types, it might show new possibilities for therapeutic
treatments. To investigate this option, we cultured MCF-7 breast cancer cells on the RPM for 24 h and
analysed the changes of NF-kB and associated proteins in controls, adherently growing cells and
MCS.

Seeding MCS into slideflasks and re-cultivation of the spheroids under static culture conditions
revealed an early migration of the cells from the 3D aggregates and showed their vitality. In addition,
acridine orange/ethidium bromide staining proved the viability of the cells in MCS.

To compare the results obtained for FTC-133 and MCF-7, we performed NF-«B p65 (RelA)
immunofluorescence staining to evaluate its cellular distribution. While in control cells, NF-xB p65
was equally distributed in the cytoplasm and nucleus, RPM-exposed MCS presented a more intense
staining of the cytoplasm and nucleus than RPM-exposed adherent cells. This suggests an increased
amount of NF-xB p65 in MCS cells compared with RPM-AD cells.

In addition, NF-«kB signalling factors were investigated. NF-xB p50, p52 and p65 are encoded by
the gene loci NFKBI, 2 and 3, while the variations of its inhibitor IkB are encoded by NFKBIA,
NFKBIB, NFKBIE and NFKBG. While NFKB2, NFKB3 and NFKBIB showed a non-significant
upregulation in RPM-AD and MCS cells, NFKBI, NFKBIA, NFKBIE and IKBKG presented a
significant upregulation compared with control cells. RPM-AD cells only presented /IKBKG to be
significantly enhanced in comparison with control cells. Western blot analyses performed on

unphosphorylated and phosphorylated NF-xB family analyses pointed in a similar direction as the
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gPCR results. Interestingly, phosphorylated variants of the proteins are markedly enhanced in MCS
samples, which suggest that phosphorylation of NF-«xB family members is of importance during early
MCS formation.

As we found similarities between the expression of NFKB3 and the NF-kB p65 protein
accumulation and growth behaviour to those of FTC-133 cells, we investigated additional genes,
which had been the focus of our earlier studies. Of the selected genes (ANXAI, ANXA2, CAV2,
ICAM1, CTGF), all were upregulated in MCS, while only CTGF was also upregulated in RPM-AD
cells.

In addition, genes involved in intrinsic and extrinsic apoptosis pathways were investigated, as
programmed cell death was found repeatedly to accompany cell responses to altered gravity
conditions. While CASP3 and CASP9 mRNAs were not changed, CASP8 was significantly
upregulated in MCS versus control. P53, CYCI, PARPI and FAS were equally upregulated, while
BCL2 remained unaltered. The only expression change found in RPM-AD and MCS cells was an
upregulation of BAX.

To detect additional genes that were differentially expressed in MCF-7 cells exposed to the RPM,
we performed a microarray analysis. We found 319 genes and open reading frames to be differentially
expressed, while 140 presented significant regulation of at least 1.4-fold. As a minimum two-fold
differential gene expression is usually considered to indicate biological relevance, and this was found
for only 23 genes, which were investigated further. Ten of these genes are linked to oxygen levels or
hypoxia and were downregulated to an equal degree in RPM-AD and MCS cells. In addition, four
genes were significantly (>2-fold) upregulated only in MCS, which coded for proteins suppressing
apoptosis and regulating the heme concentration. A pathway analyses of the 23 genes revealed a
network cross-linking 7 of the 23 genes, with hemoxygenase (HMOXI) being the most networked. To
determine whether the genes determined by qPCR as upregulated in MCS cells interact with
differentially expressed genes in the microarray, we subjected the results to a pathway analyses and
found them to fit very well into the network.

CTGF and BAX as well as ADM, ALDOC, ANGPTL4, ANKRD37, BNIP3 and NDRGI were
comparably regulated in RPM-AD and MCS cells. Hence, an increase of oxygen in vented cell culture
flasks due to rotation might induce expression changes. However, as spheroids also form in unvented
flasks and in space, the increased oxygen availability might not be responsible for the transformation
(14, 43).

In addition, we focused on gene expression changes between RPM-AD and MCS cells. Genes
involved in apoptosis were markedly upregulated in MCS compared with RPM-AD cells. This was
accompanied by upregulated genes whose products favour cell survival. One of these anti-apoptotic
genes is HMOXI, whose product can be inhibited by caveolin-1, which in turn was postulated to

inhibit spheroid formation. While HMOX1 and NFKB3 were found to be mutually downregulated, in
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our experimental setup, HMOXI was upregulated while NFKB3 remained unaltered. The upregulation
could be due to the positive influence of ADM and PARP-1.

Despite the upregulation of NFKB3, an enhanced translocation of NF-kB p65 into the nucleus of
MCS cells was noticed, regulated by the gene products of NFKBIA and NFKBIB, which were
upregulated. Translocation initiates gene expression of various products, among them ICAMI, which
was also upregulated in MCS. The effect of NF-xB p65 is also directed towards ICAM1 by PARPI
and SIPR3. In concert, CTGF, FAS and p53 have a positive influence on the gene expression of
ICAM1. All genes were upregulated in MCS. ICAM-1 is a surface protein contributing to the cell-cell
interaction, which is strongly required for spheroid formation. It either binds directly to integrin beta-2
or changes the structure of the cell adhesion complex.

To further investigate the involvement of NF-kB, PARP1 and PDE4 we treated the MCF-7 cells
with specific chemical inhibitors during 24h RPM exposure. While various concentrations of olaparib
(PARP1/2 inhibitor) and rolipram (PDE4 inhibitor) had no remarkable effect on MCS formation,
increasing concentrations of dexamethasone (NF-kB inhibitor) markedly decreased the number of
MCS.

In summary, it was demonstrated that cells within spheroids are viable and migrate out of the
MCS when cultured at static condition, returning to their initial monolayer appearance. This shows
that RPM exposure is of utmost importance to keep the 3D aggregate form and the two phenotypes
(AD cells and MCS). In addition, a positive side effect of RPM exposure is an increased mixing of the
nutrient medium, which was also demonstrated on the gene expression level.

And finally, in silico analyses suggested that NF-kB family members, HMOX-1 and ICAM1
interact when MCF-7 breast cancer cells transition from adherently growing cells to spheroids on the
RPM. That was also underlined by the fact, that application of NF-kB inhibitors reduced the number
of MCS. These preliminary findings, in concert with results obtained from studies with FTC-133 cells,
suggest the NF-kB signalling pathway to be a potential new target for cancer treatment. This research

topic will be in our focus in future investigations.
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5.5 Conclusions

Early cytoskeletal and morphological changes were demonstrated in thyroid cancer cells
(FTC-133) in r-pg by live-cell imaging using the FLUMIAS device, in addition to expression changes
of cytoskeletal and associated proteins. This thesis presents for the first time live-cell changes in space
and proves that thyroid cancer cells are sensitive to microgravity.

These results were also detected when thyroid cancer cells (UCLA-RO-82-W1) and breast cancer
cells (MCF-7) were exposed to a RPM, as all these cells presented changes in the cytoskeleton and
associated proteins in concert with the formation of multicellular spheroids. The data confirm results
achieved in previous studies under real and simulated microgravity on chondrocytes, endothelial cells
and retina cells (10, 12, 31, 40). These results in concert with earlier findings, in addition to applying
the tensegrity model, strongly suggest that cytoskeletal and morphological alterations are an initial
trigger for cell behavioural changes under altered gravity conditions.

VEGF family member molecules were investigated for thyroid as well as breast cancer cells as
they are strikingly involved in angiogenesis and cancer growth (60) and may be a key player in MCS
formation. We measured an upregulation of VEGFA in MCF-7 breast cancer cells after short-term
RPM exposure. Later, during the continuous development of the MCS, VEGFA gene expression was
downregulated in RPM-exposed samples. In contrast, UCLA-RO-82-W1 thyroid cancer cells
presented upregulation in 24-h-RPM-exposed samples. These results are comparable with previously
obtained results. Long-term RPM-exposure (7-14 d) of the thyroid cells FTC-133 and Nthy-ori 3-1
presented a downregulation of VEGFA (44). A similar result was found in space, when FTC-133 cells
were flown on a 5-10-d space mission (43). That suggests that VEGFA overexpression is mandatory
for 3D aggregate initiation, independently of the cell type. However, in the following phase of MCS
outgrowth, it is no longer needed. Though, deeper analysis is required to prove this point.

In addition to the initiation phase, the formation of tissue-specific MCS needs a favourable
extracellular matrix composition. An increased expression of extracellular matrix proteins because of a
launch delay was associated with the loss of the ability of the FTC-133 cells to form spheroids (51,
62). We found that the MMP3 gene was upregulated and CAVI, CAV2, PAIl and CTGF were
downregulated in 24-h-RPM-exposed UCLA-RO-82-W1 thyroid cancer cells, suggesting that
proteinases degrade the ECM in concert with a reduced expression of ECM proteins. In contrast,
MCEF-7 cells presented an opposing result after cultivation on the RPM for 24 h as CAV2, CTGF and
PAIl were upregulated. These results suggest that the composition of extracellular matrix proteins
depends on the cell type and the state of differentiation of cancer cells. While the low-differentiated
thyroid cancer cells enable migration through tissues by downregulating ECM proteins and
upregulating proteases, the highly differentiated MCF-7 breast cancer cells produce spheroids, which
resemble the tissue they originate from, which is why ECM protein expression could be upregulated

and proteases are downregulated in MCS.
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Finally, in previous studies, the formation of spheroids was in concert with an increased
production of molecules involved in apoptosis while NF-kB p65 was translocated into the nucleus,
which was interpreted as FTC-133 cells escaping late apoptosis initiation and forming spheroids (61).
In this thesis, it was shown that pro-apoptotic molecules were downregulated in MCS, while NF-xB
p65 immunostaining suggested translocation into the nucleus. These results confirm previous results
and underline the assumption that cells escape apoptosis prior to forming spheroids. In addition, the
rotation of the RPM is necessary to keep the 3D form, while it enabled increased gas and nutrition
exchange, which was also evident at the gene expression level.

Future studies will be performed to clarify the exact mechanisms involved in the process of

spheroid formation and tumour growth, such as genetic knockouts or knockins in cell lines.

5.6 Summary

Multicellular spheroids are formed in real and simulated microgravity irrespective of the cell
type, and they mostly resemble their corresponding in vivo tissue. They are highly interesting for tissue
engineering and drug testing; however, the mechanisms of 3D cell aggregation are still under
investigation.

This cumulative thesis encompasses four publications, starting with live cell imaging of FTC-133
cells to examine cytoskeletal changes in real microgravity during a parabolic flight campaign and the
TEXUS 52 sounding rocket mission. We were for the first time able to see live changes of the
cytoskeletal in space.

The second paper reports the studies on the formation of MCS of the thyroid cancer cell line
UCLA-RO-82-W1 after a 24-h-RPM-exposure. We found data in support of previous findings,
suggesting an early involvement of VEGF in MCS formation.

The third publication reports data on differentiated MCF-7 breast cancer cells exposed to the RPM
for a period of 2 h up to 5 d. While a short-term exposure resulted in solid MCS after 24 h, after 5 d,
the MCS revealed a cell-free lumen resembling ducts within in vivo breast tissue. Their functionality
must be more closely examined in the future.

The fourth manuscript showed investigations on the early MCS formation of MCF-7 cells in more
detail. We found comparable results to the early spheroid formation of thyroid cancer cells, as the
MCS cells presented reduced apoptosis activity in concert with NF-kB p65 translocation into the

nucleus.
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5.7 Zusammenfassung

Seitdem sich Raumfahrer regelmifig iiber mehrere Monate am Stiick im All aufhalten und
besonders auch angesichts der Plidne der National Aeronautics and Space Administration (NASA),
Menschen noch tiefer in den Weltraum zum Mars und moglicherweise dariiber hinaus vordringen zu
lassen, hat die Frage wie sich humane Zellen unter Schwerelosigkeit verhalten stark an Bedeutung
gewonnen. Im Allgemeinen wird vermutet, dass humane Zellen Verdnderungen der Gravitation iiber
das Zytoskelett detektieren. Bislang jedoch konnten zytoskelettale Verdnderungen nur nach der
Fixierung in Schwerelosigkeit untersucht werden, was eine Darstellung der dynamischen Prozesse
unmoglich machte. Eine Beobachtung war die Bildung von 3D-Zellaggregaten, den multizelluldren
Sphiroiden (multicelluar Spheroids, MCS) in Schwerelosigkeit. Diese MCS glichen hiufig dem
differenzierten in-vivo Gewebe aus dem die Zellen urspriinglich stammten.

Diese Dissertationsschrift besteht aus vier Publikationen, welche die dynamischen zytoskelettalen
Verianderungen und die Mechanismen der MCS Bildung in Schilddriisen- (FTC-133, UCLA RO82-W-
1) - und Brustkrebszellen (MCF-7) niher beleuchten.

In der ersten Publikation wird die Entwicklung eines “compact fluorescence microscope
(FLUMIAS) for fast live-cell imaging in real microgravity” dargestellt. Unter Verwendung dieses
Mikroskops war es moglich, die zytoskelettalen Veridnderungen in realer Schwerelosigkeit zu
verfolgen. Um dies zu erreichen, wurden FTC-133 Zellen stabil mit Lifeact-GFP transfiziert und deren
Aktin-Zytoskelett mittels des neuartigen Mikroskops wihrend eines Parabelfluges und auf einer
Hohenforschungsrakete untersucht.

Im zweiten Paper wurden die frithen genetischen Regulationen der Schilddriisenkarzinomzelllinie
UCLA RO82-W-1 wihrend der MCS-Bildung néher studiert. Die Zellen wurden 24 Stunden lang auf
der Random Positioning Machine (RPM), welche Schwerelosigkeit simulieren soll, kultiviert und
danach analysiert. Die Ergebnisse wiesen auf eine pro-angiogene Regulation in MCS hin.

Der Hypothese folgend, dass humane Zellen unter Mikrogravitation gewebedhnliche Strukturen
bilden, wurden MCF-7 Brustkrebszellen auf der RPM kultiviert. Nach fiinf Tagen bildeten sich MCS
mit einem zellfreien Lumen, die starke Ahnlichkeiten zu gesundem in-vivo Brustdriisengewebe
aufwiesen. Fine Pathway-Analyse verwies auf die Beteiligung von biologischen Prozessen wie der
Organisation der Zellform, Zellpolarisation und Zell-Zell Kommunikation wihrend der MCS-Bildung
(Publikation 3).

In der vierten Publikation wird die Beteiligung von NF-kB bei der MCS Bildung von auf der RPM
kultivierten MCF-7 Zellen untersucht. Eine Analyse der Interaktion von 47 untersuchten Genen lésst
vermuten, dass HMOX-1, ICAMI1 und NF-kB Varianten bei der MCS Bildung aktiviert werden.

Zudem wurde nach Applikation von NF-«B Inhibitoren eine verringerte MCS Bildung erreicht.
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7 Figure Index

Figure 1 Schematic representation of real microgravity research platforms arranged by experiment
duration and altitude. Highlighted boxes indicate the range of flight altitudes achieved by the various
0] B0 0] o 11 1S OO SO 9
Figure 2 The Random Positioning Machine. Operating RPM (A) and the principle of annulling
particle sedimentation on the RPM (B). ....cccuiiiiiiiiiiiiiiiieeecte ettt sttt 10
Figure 3 The tensegrity model. The tensegrity model describes the cell under pressure during 1 g and
the released form during microgravity. Arrows indicate physical pressure. Red applications present
focal adhesions, while green and blue show actin filaments and microtubules. ..........c.ccceceeveeneennens 11
Figure 4 Formation of multicellular spheroids. During cultivation of adherent cells under altered
gravity conditions a part of the cells detach from the substrate and form viable 3D-aggregates which
float in the SUPEIMALANL. .......eiiiiiiiitiee ettt ettt s bttt e et e et e bt e bt e sbtesateeabeebeenbeesbeesaeeeas 12
Figure 5 Different stages of the FLUMIAS preparatory and experimental workflow. Clean bench
work (A) and filling the IBIDI pSlides (B; Paper 1 Fig. 3 D). Further, the implementation of the slides
into the late access unit (C) and incorporation of the late access unit into the microscope (D) (shown
here is a test prior to installation in the rocket body). The rocket launch (E) and the results obtained
from 1 g pre-flight followed by image stacks during microgravity in space (F). All work was
performed at Esrange, Kiruna, SWedeN. .........cociiiiiiiiiiiieieee ettt 16
Figure 6 (Paper 2 Fig. 6) Mutual interaction of selected genes involved in spheroid formation. Arrows
with a (+) indicate positive regulation, stand-alone arrows indicate interaction and connections with
flat arrowhead indicate negative reGUIAtION. ........cccuieeciieeriieeiie et ettt e ete et e e saeesteeeneeesaeeenes 17
Figure 7 (Paper 3 Fig. 5) Network of mutually controlled gene products spanning from outside the
cell, across the plasma membrane to the nucleus. (+) indicates positive regulation, while blunt

arrowhead indicates NEZAative INLETACION .......ccveeeiueeerieeriieerieeeieeeseteeeteeeteeesseeesaeessseesnseeensseesnseesnnees 19
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Microgravity induces changes in the cytoskeleton. This might have an impact on cells and organs
of humans in space. Unfortunately, studies of cytoskeletal changes in microgravity reported so far
are obligatorily based on the analysis of fixed cells exposed to microgravity during a parabolic flight
campaign (PFC). This study focuses on the development of a compact fluorescence microscope
(FLUMIAS) for fast live-cell imaging under real microgravity. It demonstrates the application of the
instrument for on-board analysis of cytoskeletal changes in FTC-133 cancer cells expressing the Lifeact-
GFP marker protein for the visualization of F-actin during the 24" DLR PFC and TEXUS 52 rocket
. mission. Although vibration is an inevitable part of parabolic flight maneuvers, we successfully for the
. first time report life-cell cytoskeleton imaging during microgravity, and gene expression analysis after
. the 31% parabola showing a clear up-regulation of cytoskeletal genes. Notably, during the rocket flight
. the FLUMIAS microscope reveals significant alterations of the cytoskeleton related to microgravity. Our
. findings clearly demonstrate the applicability of the FLUMIAS microscope for life-cell imaging during
. microgravity, rendering it an important technological advance in live-cell imaging when dissecting
protein localization.

¢ Although studies on adherently growing human cells exposed to short-term real microgravity during parabolic

. flight maneuvers prior to fixation and subsequent analysis on Earth have provided some evidence of cytoskeleton
alterations' ™, in-flight live-cell imaging has not been performed. To overcome this obstacle, we have developed
a spinning-disc Fluorescence Microscopy Analysis System (FLUMIAS) and investigated cytoskeletal changes
during Parabolic Flight Campaigns (PFCs) on-board the Airbus A300 ZERO-G and during the TEXUS 52
sounding rocket mission in stable transfected human follicular thyroid carcinoma cells (FTC-133) expressing the
Lifeact-GFP fusion protein for the visualization of F-actin.

Long-term spaceflights have an enormous impact on human health. Several health problems have been

reported, such as muscle atrophy, bone loss, cardiovascular problems, among others®. The immune system is also
- altered by the microgravity environment, resulting in immunosuppression in space®. A large proportion of the
. immune cells are compromised and the secretion of cytokines is changed’. Changes in the vimentin cytoskeleton
. were induced in Jurkat cells - a T-lymphoid cell line - by real microgravity (in a Maxus rocket flight)®. Another
. study showed that J-111 monocytes exposed to low gravity conditions exhibited reduced fluorescence intensity
of F-actin fibres’.

A variety of cellular alterations have been observed after short-term and long-term culture of cells under con-
ditions of simulated and real microgravity'®-'>. Adherently growing human cancer cells and benign cells, which
grow normally under static 1g, can be induced to grow three-dimensionally when they are cultured under micro-
gravity conditions. They change their protein content and secretion, as well as displaying differential gene expres-
sion'%. Our understanding of the fundamental role of gravity in cancer cell growth and function is a new paradigm
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in cell biology!'®!!. Notably, changes in the cytoskeleton have been observed in different types of cells such as
chondrocytes, lymphocytes, glial cells, breast cancer cells, endothelial cells, and thyroid cancer cells">>16-20,
These experiments performed in microgravity showed changes in morphology, cytoskeleton and function.
Studies on microtubules in altered gravity conditions have shown that they also are gravity-sensitive!$21-23,

We aim to extend our knowledge in understanding the biology of cancer by using microgravity as a new
method, which may be useful to detect interesting proteins, which may become a future target. Hence, to inves-
tigate changes in the cytoskeleton of cancer cells during microgravity conditions the compact spinning-disc
FLUMIAS device for live-cell imaging under real microgravity was developed and used for on-board analysis in
FTC-133 cancer cells expressing the Lifeact-GFP marker protein. It allowed us the visualization of F-actin during
a Deutsches Zentrum fiir Luft- und Raumfahrt (DLR) PFC and the DLR TEXUS 52 sounding rocket mission. The
aircraft and also the TEXUS sounding rocket fly parabolic trajectories that produce a period of free fall (micro-
gravity). The term microgravity in general refers to the still existing residual accelerations. For parabolic flights
(PF) the free fall phase persists for 22 seconds in which the experiments will experience microgravity in the range
of ~1072g13->152% For the TEXUS 52 rocket flight the payload is in free fall for a period of up to 390 seconds with
a high quality of microgravity (< 10~*g). Hypergravity and vibrations are inexorable events of PF and spaceflights
appearing prior and after the free fall phase which need to be taken into consideration, when evaluating the
impact of microgravity'.

Results

Development of the FLUMIAS microscope. Two versions of the FLUMIAS microscope mod-
ule have been built (Fig. 1) and used on the 24" DLR PFC and the DLR TEXUS 52 sounding rocket mission
(Supplementary Figure S1A,B). The first one as an engineering model (EM) was used for functional verifica-
tion and mechanical qualification of FLUMIAS. Furthermore, it is suitable for PFCs and ground support tasks
(Supplementary Figure S1C). The second one is the actual TEXUS 52 flight model (FM) (Supplementary Figure
S1D). Both versions are identical with respect to the microscope core components and differ only in the way
the experiment service subsystem has been implemented. The heart of the FLUMIAS experiment module is the
confocal laser spinning disc fluorescence microscope which allows for the parallel scanning of thousands (1200/
FOV) of sample points resulting in fast image creation. This set-up was chosen in order to obtain thin slices by
eliminating the contribution of out-of-focus light in each image plane, rather than actual physical sectioning.
Referred to as optical sectioning, the resulting image planes provide a high level of contrast with improved signal-
to-noise ratio, which is equally important for real-time cell monitoring during operation, especially on PFCs, and
subsequent data analysis.

The FLUMIAS confocal laser spinning disc fluorescence microscope was developed by FEI Munich GmbH,
Germany (Fig. 1). Figure 1A shows the key components of the confocal laser spinning disc fluorescence micro-
scope. The FEI iMIC was a good fit to the space requirements and was used as the main microscope body. Due
to the restricted available space, the alignment of the components had to be adjusted and some components had
to be re-designed to be more compact so that they could fit into the rocket. To withstand the vibrations and high
accelerations during the ascent of the sounding rocket, the number of moveable parts (such as the filter slider and
the nosepiece) was reduced to a minimum. The cells were seeded onto an Ibidi-slide (see Methods), which was
installed inside the late access and fixation unit (designed and built by Airbus DS, Supplementary Figure S1E).
The late access and fixation unit could be separately mounted to the FLUMIAS experiment module. Hence, it was
possible to hand over the cells shortly (around two hours) before lift-off. The unit is temperature-controlled and
allowed the chemical fixation of the cells under investigation at any time point during the flight. Due to guiding
elements, a positional stability of about 10 um in the x- and y-directions for the demounting-/mounting-process
was achieved. The late access and fixation unit was mounted on top of the X/Y-stage, allowing movement in the
x- and y-direction (around 24 mm travel range in both axes). This travel range allowed the observation of three
out of the six channels of the Ibidi slide during the flight. The X/Y-stage is directly attached to the octagonal base
of the microscope body, the iMIC. The iMIC contained the microscope objective (Carl Zeiss, Plan-Apochromat
40x/0.95 Corr), which was mounted on a voice coil focus drive for movements in z-direction. The spinning disc
unit (called Andromeda) is connected to the iMIC and to the camera and besides the spinning disc contained
several optical elements necessary for beam shaping of the incoming laser light. The laser light originated from
the laser line combiner (Omicron-Laserage Laserprodukte) and was coupled into the spinning disc unit via an
optical multimode fiber. In the current configuration four different excitation wavelengths could be chosen out
of three diode lasers (405n1m/120 mW, 488 nm/200 mW and 642 nm/140 mW) and one diode-pumped solid state
(DPSS) laser (561 nm/150 mW). While the diode lasers could be easily switched on and off very fast, the DPSS
laser could only be indirectly switched using an acousto-optical modulator (AOM), which needed an individual
controller. The initialization and interaction of all components is managed by the imaging control unit (ICU),
which also supplied power to the iMIC and the X/Y-stage.

As a supporting structure and for power supply, cooling and control of the microscope, an experiment service
subsystem (Airbus DS) was built for the FLUMIAS TEXUS 52 FM, which is depicted in Fig. 1B. The experiment
service subsystem can be roughly separated in two parts. The first part below the base plate contained the battery
and the electronics (DC/DC converter, experiment timer, etc.). This part experienced vacuum during the flight.
The second part above the base plate was shielded with a dome structure (Fig. 1C) against vacuum and besides the
supporting structure contained a water-cooling circuit and a PC with microscope control software (an adapted
release of the software package L.A. by FEI Munich GmbH) and storage for the high-resolution images. Before
flight the FLUMIAS module was integrated into the dome structure (Fig. 1C) and stacked with other experiment
modules to form the TEXUS 52 payload (Supplementary Figure S1F). To regulate the module temperature inside
the dome structure, the camera and the cold plate were connected to the water-cooling circuit. The ICU, being the
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Figure 1. The FLUMIAS experiment module. (A) Main components of the inverted confocal laser spinning
disc fluorescence microscope with late access and fixation unit. (B) Experiment service subsystem for the
FLUMIAS TEXUS 52 FM. (C) The FLUMIAS experiment module with dome structure integrated into the outer
structure.

main heat source, was directly mounted onto the cold plate. During lift-off the cooling circuit was automatically
disconnected.

A sketch depicting the working principle of a confocal laser spinning disc fluorescence microscope is shown in
Fig. 2. The laser light (excitation light) enters the spinning disc unit through a small hole in the corner cube and is
reflected by a dichroic mirror onto the spinning disc. In the first run only a small amount of light passes the pin-
holes, but the majority of light is reflected by the concave micro-mirrors back to the dichroic mirror. After taking
the path from the dichroic mirror to the corner cube and the dichroic mirror, the light again reaches the spinning
disc but this time most of the light passes the pinholes due to the effect of the micro-mirrors and is focused onto
the sample. Based on the confocality only fluorescent light originating from the focal plane in the sample can
pass the pinholes of the spinning disc and reach the camera chip, after transmission by the dichroic mirror (the
emission wavelength is distinctly larger than the excitation wavelength).

The confocal laser spinning disc fluorescence microscope offers a high axial resolution (around 1.5 pum) com-
pared to normal light microscopes by efficiently suppressing the fluorescent light, which does not originate from
the focal plane. The central part of the confocal fluorescence microscope is the spinning disc, which contains
many pinholes (approximately 1200) and around each pinhole micro mirrors are etched into the substrate (see
Fig. 2). The pinholes have a fixed diameter of a few tenths of micrometers and are arranged in a spiral pattern. Due
to this special arrangement all pixels of the camera chip are exposed to fluorescence light and accordingly a com-
plete new frame is created whenever the disc is rotated through about 30 degrees (12 frames per 360° rotation).
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Figure 2. Sketch of the working principle of a confocal laser spinning disc fluorescence microscope. A

laser beam is coupled through a multimode fiber into the spinning disk system. The beam is focused through a
hole in the corner cube and sent collimated towards the disk with pinholes. Micro mirrors around the pinholes
reflect a beam bundle back into the corner cube. Each sub-beam is retro-reflected and focused through the
pinholes. The light passes the objective and is focused on the sample plane, where it generates fluorescence in
the sample. The fluorescence emission is focused though the pinholes and transmits the dichroic mirror towards
the camera chip.

As the spinning disc is rotating with a speed of 5000 rpm, it is theoretically possible to record 1000 frames per
second. However, for standard biological samples the exposure time is typically above 50 ms, hence the resulting
image is averaged over several frames.

Live-cell imaging of the cytoskeleton in FTC-133 cells. To extend our knowledge about changes in
the cytoskeleton of poorly differentiated follicular thyroid cancer cells during microgravity conditions, live-cell
imaging of the cytoskeleton was performed in FTC-133 cells. Importantly, these cells had been investigated
in space twice previously*!#?* and they are very robust, when cultured under microgravity especially during
launch*!*?, Interestingly, the cells have developed a less-aggressive phenotype during one of the space missions*,
so exploring these changes induced by microgravity may lead to the identification of new targets for cancer
therapy. Furthermore, they were investigated on PFCs* and have been thoroughly analyzed in simulated micro-
gravity'>?>2¢ making FTC-133 cells to one of the best-characterized cell types, cultured under altered gravity con-
ditions. In addition, they can be easily transfected. The cells were stably transfected with a pcDNA3.1(+)-based
vector, entitled pLAGICT, expressing Lifeact-GFP for the visualization of F-actin (Fig. 3A). The vector also
encodes mCherry-Tubulin fusion proteins enabling parallel analysis of both actin and tubulin counterparts of the
cytoskeleton. However, due to the experimental setup only live-cell imaging of Lifeact-GFP was performed dur-
ing microgravity. Following transfection with pLAGICT and G418 selection, resistant FTC-133 clones (Fig. 3B)
were isolated and inspected by fluorescent microscopy. A clone (designated Lifeact-GFP) with bright Lifeact-GFP
labeling of F-actin was chosen and further expanded (Fig. 3C).

The FLUMIAS microscope is functional in microgravity during parabolic flights maneu-
vers. During a parabolic flight, 31 consecutive parabolas were performed. One parabola contains three phases
(pull up, free fall, and pull out). A parabola starts from the horizontal flight level followed by a 45° ascent for
20seconds in which experiments and the passengers experience hypergravity in the range of 1.5-1.8 g. Following
areduction in the thrust, the aircraft follows the trajectory of a parabola initiating the 22-second-long free fall
(or microgravity) phase. Finally, the engines are powered up again, and a second phase of 1.8 g for 20 seconds
terminates the parabola. Due to turbulence acting on the aircraft as well as the manual operation of the aircraft,
the microgravity is in the range of ~1072 g*->1>24 Prior to each flight an Ibidi-slide (Fig. 3D) with FTC-133 cells
expressing Lifeact-GFP seeded into it was installed inside the late access and fixation unit (Supplementary Figure
S1E) and brought to the aircraft. The live-cell imaging results obtained on-board the Airbus A300 ZERO-G indi-
cated that disturbances of actin bundles and “holes” within the cytoplasm, appeared immediately during the g
phase of parabola 1 in cells expressing Lifeact-GFP when the cells were cultivated adherently on slides (compare
Fig. 4A,B). This process seemed to develop during the following parabola (Fig. 4C). Conversely, no “holes” were
observed in the cytoplasm of the cells expressing Lifeact-GFP before parabola 1 (Fig. 4A). Moreover, the analysis
indicated the disappearance of microvilli or filopodia-, and lamellipodia-like structures during the parabolic
flight (Fig. 4A-C). Taking into account that the “holes” are considered to indicate points of cell cytoplasm discon-
tinuity, the results clearly indicate that the cytoskeleton of low-differentiated follicular thyroid cancer cells is not
resistant to a fast and short removal of the influence of gravity for 20 seconds, and importantly, that the cytoskel-
etal changes occur rapidly after entrance into the pg-phase of parabola 1. The finding that the cytoskeletal altera-
tions occur after only 1 parabola is supported by our previous findings®®. However, by using the FLUMIAS-based
live-imaging approach during PFCs, we are now able to dissect the point of action to be in the pg-phase. No
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Figure 3. Generation of FT'C-133 cells expressing Lifeact-GFP for FLUMIAS-based life-cell imaging.

(A) Schematic presentation of the versatile pLAGICT plasmid containing the Lifeact-eGFP-IRES-mCherry-
Tubulin (LAGICT) expression cassette for visualization of F-actin and a-tubulin. A CMV promoter drives the
expression of the LAGICT cassette and efficient transcriptional termination is provided by the bovine growth
hormone (BGH) polyadenylation site of the pcDNA3.1(+) vector. For selection purposes the vector contains
the neomycin gene driven by a SV40 promoter. (B) Bright field image of FTC-133 cells. (C) Example of Lifeact-
GFP-visualization of F-actin in FTC-133 cells stable transfected with pLAGICT. (D) The p-slide VI 0.4 ibiTreat
slide assembled with medium containing flexible tubes prior to insertion into the late access and fixation unit.

apoptotic or dead cells as judged by visual inspection of the cells at the end of each of the individual experiments
were identified in the 1g-controls on the ground or in the cells exposed to the parabolic flight profile.

To test whether the observed changes in the cytoskeleton during the parabolic flight maneuvers may reflect
transcriptional alterations, ACTB, EZR, RDX and MSN gene expressions after 31 parabolas were measured. ACTB
expression was not altered during the parabolic flight, but a 2-fold increase was observed during hyper-gin
non-transfected cells (Fig. 4D). The expression of ACTB was found to be increased 3.5-fold in cells expressing
Lifeact-GFP exposed to parabolic flight maneuvers compared to 1 g control cells (Fig. 4E). No changes in the
expression of ACTB were detected during vibration and hyper-g in cells expressing Lifeact-GFP (Fig. 4E). This
observation might either be related to the integration site(s) of the expression pLAGICT cassette or to the fact that
the cells expressing Lifeact-GFP were exposed to a selection procedure.

The proteins ezrin, radixin and moesin (ERM) are known to crosslink the plasma membrane and the actin
cytoskeleton?’. By this procedure, they provide both structural links to strengthen the cell cortex and control sig-
nal transduction pathways. Hence, the ERM proteins are involved in membrane dynamics, adhesion, cell survival,
cell motility and morphogenesis?’. Despite the overall similarity in function and structure, individual functions
of the three proteins appear to be specialized””. Notably, there is evidence that ERM proteins are involved in the
regulation of tumor progression and metastasis. Ezrin functions as a protein-tyrosine kinase substrate in micro-
villi*® and is frequently overexpressed in metastatic tumor cells®. The ezrin gene was up-regulated in established
anaplastic thyroid carcinoma cells*®. Radixin functions as a membrane-cytoskeletal crosslinker in actin-rich cell
surface structures” and it is reported that the expression level of radixin is found to be significantly unregulated
in colon tumor tissues®. Moesin is phosphorylated at the site of entry of mitosis and is involved in several impor-
tant steps throughout cell division®. Inactivation of moesin disrupts spindle organization. It acts as a potential
marker in breast and pancreatic cancer, and the expression level of moesin is linked to tumor development of oral
squamous cell carcinoma*®.

In general little is known about ERM proteins and thyroid cancer. We recently had shown that the secretion
of ezrin by FTC-133 cells is increased after 10 days in space*. Here we detected an increase of EZR mRNA after
only 31 parabolas, indicating an early signaling process (Fig. 4F). This EZR mRNA increase may also be induced
by hyper-g. This finding could be confirmed with the ML-1 cell line, in which EZR, RDX and MSN mRNAs were
also increased by hyper-g*%. In endothelial cells EZR mRNA was up-regulated after 31 flown parabolas, a finding
corresponding well to the results found for FTC-133 cells.

Overall, no significant changes in the expression of the EZR, RDX and MSN genes in cells expressing
Lifeact-GFP compared to the ground control cells were detected (Fig. 4G,I,K), except that during the PFC EZR
expression was reduced by approximately 40% (Fig. 4G). In the FTC-133 cells we found that EZR expression
was increased approximately 2-fold during both PFC and hyper-g compared to 1g¢ (Fig. 4F). Similarly, the RDX
expression was increased 3.5-fold during hyper-g (Fig. 4H). MSN expression was also increased during hyper-g,
whereas MSN expression appeared to be reduced by 20% during vibration compared to 1 g (Fig. 4]).
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Figure 4. Inflight analyses of cytoskeletal changes during the PFC. (A-C) Imaging of F-actin visualized

by Lifeact-GFP using the FLUMIAS EM. (D-K) Gene expression analysis assessed by RT qPCR to investigate
changes in the cytoskeleton. FTC-133 cells expressing Lifeact-GFP were cultivated in pi-slides for life-cell
imaging. The position of cells displaying Lifeact-GFP fluorescence signals was selected and life-cell imaging of
these selected cells was performed both pre-flight (A) as well as during the microgravity phase of the 1 parabola
(D1P) (B) and the second parabola (D2P) (C). Scale bars = 20 pm. Purple arrowheads indicate cytoskeleton
alterations in the form of “holes” in the cytoplasm. Red arrowheads indicate disturbance of F-actin bundles.
White arrowheads indicate disappearance of microvilli or filopodia-, and lamellipodia-like structures. For gene
expression analysis non-transfected FTC-133 cells and FTC-133 cells expressing Lifeact-GFP were cultivated

in T175 cell culture flasks. To rule out the effect of vibration and hyper-g, which are obligatory events occurring
both before and after each parabola, cell cultures were independently subjected to either vibration experiments
using a Vibraplex device or hyper-g experiments using a short-arm human centrifuge with corresponding
ground controls (1g) as described in Methods. (D,E) Gene expression of ACTB in FTC-133 and cells expressing
Lifeact-GFP, respectively after 31 parabolas (31P), vibration (V), and hyper-g (1.8 g) with corresponding
ground controls (1g). (F,G) Gene expression of EZR in FTC-133 and cells expressing Lifeact-GFP, respectively
after 31 parabolas (31P), vibration (V), and hyper-g (1.8 ¢) with corresponding ground controls (1g). (H,I)
Gene expression of RDX in FTC-133 and Lifeact-GFP, respectively after 31 parabolas (31P), vibration (V),

and hyper-g (1.8 ¢) with corresponding ground controls (1g). (J,K) Gene expression of MSN in FTC-133 and
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Lifeact-GFP, respectively after 31 parabolas (31P), vibration (V), and hyper-g (1.8 ) with corresponding ground
controls (1g). All results are shown as mean = standard deviation (SD) of n=8 (PFC), n= 12 (hyper-g) and
n=>5 (vibration) independent samples, with significance indicated by *P < 0.05 vs. 1 g.

Moreover, we focused on four proteins regulating cellular signaling processes: Copine 1, plastin 2, sept11
(septin-11) and LIMA. Copine 1 can bind several intracellular proteins with diverse biological functions®, its
role in regulating biological processes remains unclear. In mammalian cell lines, copines 1, 2, 3, 6 and 7 can move
to the plasma membrane following increases in intracellular Ca?* triggered by ionomycin treatment of cells in
medium containing 1.8 mm calcium. Copine 1 is a calcium-dependent membrane-binding protein regulating
signaling at the cell membranes®®. The FTC-133 cell line is CPNEI-positive and we could demonstrate for the first
time in Fig. 5A,B that real microgravity increases CPNE1 mRNA after the 31* parabola in Lifeact-GFP transfected
cells, whereas hyper-g and vibration had no effect on this gene.

We recently had detected lymphocyte cytosolic protein 1 (LCP-1 or plastin 2) by proteome analysis in FTC-133
poorly differentiated follicular thyroid cancer cells*” and demonstrated that LCP-1 protein was down-regulated in
FTC-133 cells cultured in simulated microgravity on the Random Positioning Machine (RPM) for 3 days*. LCP-1
is an actin-binding protein and had been earlier identified as an ovarian cancer tumor biomarker®. During a PEC
we detected a slight increase in LCP1 gene expression after 31 parabolas and also an increase in hyper-g samples.
Vibration had no effect on the expression of LCP1 (Fig. 5C).

Recently, we had investigated ML-1 thyroid cancer cells on a PFC®. We found that LIMAI mRNAs were
slightly, not significantly up-regulated under microgravity, but up-regulated in hyper-g after 31 parabolas and
unchanged by vibrations. Interestingly, no significant changes were observed when investigating the FTC-133
cell line, but an increase in LIMA1 mRNA in hyper-g samples was detectable (Fig. 5E,F). The LIMA1 protein is
a cytoskeletal-associated protein involved in the regulation of actin dynamics and cell motility. It is known to
suppress actin depolymerization and to stabilize F-actin fibers*’. This results in the establishment of the adhesion
belt*’. The up-regulation of LIMAI mRNA under hyper-g indicates a mechanism of the thyroid cancer cells to
stabilize the actin cytoskeleton.

SEPT11 (septin-11) is a GTP-binding protein organized in filaments and was detected in FTC-133 thyroid
cancer cells¥. It is involved in cytokinesis and in microtubule/actin cytoskeleton organization*'. In transfected
cells real microgravity significantly reduced the gene expression of SEPT11 after 31 parabolas, whereas conditions
of hyper-g significantly elevated its expression and vibration did not change SEPT11 (Fig. 5G,H).

Microgravity during a sounding rocket flight changes the cytoskeleton. After examining the
functionality of the FLUMIAS EM during a PFC, we next investigated the effect of microgravity during a sound-
ing rocket flight. An advantage of such an experiment compared to a PFC is the considerably longer duration
of microgravity (approximately 6 minutes) as well as only one period of hypergravity and vibration preceding
the microgravity phase of the rocket flight parabola. This experiment was performed on-board the TEXUS 52
rocket using the FLUMIAS FM. A video of the sounding rocket flight mission is shown in Supplementary Video
S2. Even though this version of the microscope is equipped with multiple lasers enabling parallel imaging of
Lifeact-GFP and mCherry-Tubulin, we chose to only use the 488 nm diode laser for detection of GFP-Lifeact in
order to obtain as much information as possible regarding the actin counterpart of the cytoskeleton immediately
after the beginning of microgravity and during the 6 minutes of the microgravity phase. Approximately 60 sec-
onds after lift-off of TEXUS-52, live-images from the FLUMAIS FM were received by telemetry allowing a final
adjustment of the x, y and z coordinates selected before launch. Live-cell imaging was then performed in five
separate rounds of approximately 25 seconds duration resulting in data collection corresponding to four Z-stacks
of 28 layers separated by 300 nm. As presented in Fig. 6, a palette of different actin structures was observed.
The pre-flight 1g-image revealed the actin cytoskeleton of three cells as visualized by Lifeact-GFP expression
(Fig. 6A). As expected, well-structured filament-bundles were observed in the cells and stress fibers as well as
filopodia- and lamellipodia-like structures were barely visible. Notably, following entrance into microgravity the
actin-based cytoskeleton rapidly underwent dramatic changes (Fig. 6B). These changes included the disturbance
of F-actin bundles, the appearance of filopodia- and lamellipodia-like structures and cellular detachment. To
obtain information of the dynamics of these changes, a live-cell imaging video was assembled from corresponding
sections. The video was created from the z-stacks over the total observation time of approximately 125 seconds
(see Supplementary Video S1). In support of the data presented in Fig. 6A,B, the changes, especially the formation
of filopodia- and lamellipodia-like structures, occurred rapidly after entrance into the microgravity phase. The
appearance of filopodia- and lamellipodia-like structures was most likely a combined result of microgravity and
vibration. The structures observed in the 1g-ground control cells (Fig. 6C) most likely represent microvilli, which
then disappear during hypergravity (Fig. 6D). In addition, stress fibers can then be observed in the hypergravity
sample, while microvilli and filopodia- as well as lamellipodia-like structures disappeared (Fig. 6D). In response
to 2h-vibrations stress granules appeared as presented in Fig. 6E. Stress fibers could also be observed in response
to vibrations (Fig. 6E).

Discussion

The aim of this study was to investigate the influence of real microgravity on the cytoskeleton on human thyroid
cancer cells. For this purpose, we developed a compact fluorescence microscope (FLUMIAS) for fast live-cell
imaging under real microgravity. To our knowledge, this is the first report of such a live-cell imaging analysis in
space on a TEXUS rocket flight or onboard a parabolic flight aircraft. We used the poorly differentiated thyroid
cancer cell line FTC-133 as our cell model system, which was already studied two-times in space (Sino-German
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Figure 5. Gene expression analysis evaluated by RT qPCR to investigate the changes of proteins regulating
cellular signaling processes. Non-transfected FTC-133 cells and FTC-133 cells expressing Lifeact-GFP were
cultivated in T175 cell culture flasks and brought to the aircraft approximately one hour prior take off. To rule
out the effect of vibration and hyper-g, vibration experiments or hyper-g experiments with corresponding
ground controls (1 g) were performed as described in Methods. (A,B) Gene expression of CPNE] in FTC-133
and cells expressing Lifeact-GFP, respectively after 31 parabolas (31P), vibration (V), and hyper-g (1.8 ¢) with
corresponding ground controls (1g). (C,D) Gene expression of LCPI in FTC-133 and cells expressing Lifeact-
GFP, respectively after 31 parabolas (31P), vibration (V), and hyper-g (1.8 ¢) with corresponding ground
controls (1g). (E,F) Gene expression of LIMA1 in FTC-133 and Lifeact-GFP, respectively after 31 parabolas
(31P), vibration (V), and hyper-g (1.8 g) with corresponding ground controls (1g). (G,H) Gene expression of
SEPT11 in FTC-133 and Lifeact-GFP, respectively after 31 parabolas (31P), vibration (V), and hyper-g (1.8 )
with corresponding ground controls (1 g). All results are shown as mean =+ standard deviation (SD) n= 8 (PFC),
n=12 (hyper-g) and n=>5 (vibration) independent samples, with significance indicated by *P < 0.05 vs. 1g.
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Figure 6. Inflight analyses of F-actin cytoskeleton changes during the TEXUS 52 mission using the
FLUMIAS FM. Live-cell imaging of F-actin visualized by Lifeact-GFP in FTC-133 cells experiencing (A,B)
microgravity during the TEXUS 52 rocket flight, (C) normal gravity (1g), (D) hypergravity (1.8 ), or (E)
vibration. Two hours before lift-oft a ii-slides containing Lifeact-GFP expressing FTC-133 cells was mounted
in the late access and fixation unit and transferred to the rocked as described in Methods. The position of three
cells displaying Lifeact-GFP fluorescence signals was selected and live-cell imaging of these cells was performed
both before lift-off (A) and during the 6-min-long microgravity phase of the flight (B). As controls live-cell
imaging was performed on cells experiencing 1 g, two hours of hyper-g and two hours of vibration. (A) 1 g pre-
flight. (B) Stack 20 in-flight of the same cells shown in (A). (C) 1 g control. (D) 2 hours of hyper-g (1.8 ). (E)

2 hours of vibration (Vib). Scale bars = 20 pm. Red arrowheads indicate disturbance of F-actin bundles. In (B)
white arrowheads indicate appearance of filopodia-, and lamellipodia-like structures. In (C) white arrowheads
indicate microvilli. In (D) and (E) white arrowheads indicate stress fibers. Purple arrowhead denotes cellular
detachment. Light blue arrowheads indicate cytoskeleton alterations in forms of stress granules in the
cytoplasm.

Shenzhou-8/SIMBOX space mission in 2011 and NanoRacks-Cellbox-1 ISS experiment in 2014). For this pur-
pose, we cultivated FTC-133 cells for the TEXUS 52 experiment in Kiruna, Swedish Space Center, ESRANGE,
Sweden. In addition, we also cultivated the cells under altered gravity conditions on a short-arm human centri-
fuge and a Vibraplex device (both constructed by DLR, Cologne, Germany) and exposed them to short-term real
microgravity on parabolic flights.

A long-term spaceflight has enormous impact on the health of humans in space. Several health problems can
occur such as heart problems, bone loss, muscle atrophy, disturbances of the immune system, and more®*. Since
many years we know that microgravity induces a variety of changes in cells and plants cultured under real and
simulated microgravity conditions®. Researchers demonstrated changes in growth behavior, differentiation, pro-
liferation, cell adhesion, migration as well as increases in programmed cell death and changes in the cytoskeleton
as well as elevated amounts of extracellular matrix proteins in many different cell types cultured under micro-
gravity conditions!1819:43-51,

Simulated microgravity (or functional weightlessness) is based on the assumption that sensing no weight
and neutralization of sedimentation would have effects comparable to those of weightlessness® (0g), a condition
which is never completely reached. Therefore, the term “microgravity” is used to indicate the very weak residual
acceleration forces. On ground, different facilities have been developed aiming to achieve functional weightless-
ness (simulated microgravity), such as RPMs or fast-rotating clinostats. Even though RPMs and clinostats have
been shown to imitate microgravity responses consistently for several, but not all, experimental conditions, they
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generally seem to underestimate the effects observed in real microgravity during spaceflights®. Therefore, the
development of a fluorescence microscope for live-cell imaging studies on different types of cells suitable to per-
form analyses during parabolic flight missions, on rocket flights and on the International Space Station in space
is a necessary step to prove the earlier findings on living cells.

Until now live-cell imaging was not possible in space. This is the first study investigating the cytoskeleton
in living thyroid cancer cells. In the past and also currently, researchers had to work with samples treated with
paraformaldehyde (PFA) or other fixatives to perform fluorescence staining of the cytoskeleton in different cell
types, when they conducted their experiments under conditions of real microgravity. The F-actin network can
be visualized by rhodamine-phalloidin staining. Potential pitfalls of PFA fixations and immunolabeling artifacts
including severe damage of the cellular cytoskeleton and a shrinking cell volume do often receive little attention
arguing that immunostaining experiments in dead, permeabilized cells should be accompanied with live-cell
imaging when dissecting protein localization®*. Taking the data from the PFC and the TEXUS mission together,
we found that changes in the cytoskeleton occur rapidly after entrance into microgravity, which confirms the
results obtained on fixed samples. In both cases we detected a disturbance of F-actin bundles, which was not
observed during 1.8 g or vibration. Another important finding observed during microgravity was the formation
of filopodia- and lamellipodia-like structures, which were not observed during hypergravity. Contrary, forma-
tion of stress fibers occurred in the 1.8 g experiments, while microvilli, which were observed in 1 g- samples, and
filopodia- as well as lamellipodia-like structures disappeared. The cytoskeletal alterations in form of “holes” in
the cytoplasm observed during the parabolic flight maneuvers, presumably representing stress granules, were not
evident during the TEXUS flight. However, as stress granules are seen in the cells exposed only to vibration, these
changes are most likely linked to the vibration events occurring during each parabola. Notably, stress fibers are
present in the samples, experiencing vibration.

The disappearance of filopodia-, and lamellipodia-like structures, as observed in Fig. 4A-C might be
explained by the fact that they disappear during the two 1.8 g phases of each parabola as they are not observed
during the 1.8 g experiment. The expression data show that ACTB is significantly up-regulated in cells expressing
Lifeact-GFP during PFC. This up-regulation is most likely a consequence of pig, since expression of ACTB is not
altered during vibration and hyper-g. Conversely, ACTB expression is not altered in FTC-133 during the PFC.
However, a 2-fold up-regulation is observed during hyper-g.

Viable cells in vitro use a tension-dependent form of architecture (tensegrity) for the organization and stabi-
lization of the cytoskeleton®. The tensegrity model describes how cells might control their shape and mechanics
through use of an architectural mechanism. Even though a growing body of evidence suggests that this model
accounts for a number of features of living cells including control of shape and physical connections between the
chromosomes®™%, it remains controversial and has a number of limitations™. All cytoskeletal filament systems are
involved in this special stress (altered gravity) response®. Cytoskeletal disruption is an important factor known
to increase programmed cell death®® in a variety of cells, but not in all cells. Human chondrocytes cultured on
the RPM showed cytoskeletal alterations, but no increase in apoptosis'®*. Programmed cell death was found
in thyroid cancer cells*® and in adherent EC cultivated on the RPM as well as in Jurkat cells and lymphocytes
cultured in space'®®. This is in agreement with our finding of one dying FTC-133 cell during the rocket flight
(Fig. 6B). These data support the hypothesis that the cytoskeletal and ERM proteins seem to be the first proteins
influenced by microgravity because their networks of interaction are disturbed in a few seconds when the gravity
vector is annulled. Therefore, they cannot longer function in a proper manner. The result is a rapid influence on
gene regulation, initiating a cascade of protein changes. Thus, exact knowledge of the proteome in different cell
types, together with the gene array technique, is useful to clarify which signaling pathways are involved in cancer
or other diseases occurring in space**.

The ERM protein group, consisting of the three closely related proteins ezrin, radixin and moesin, is known
to crosslink actin with the cellular plasma membranes. We had detected an accumulation of F-actin at the outer
membranes of different cell types so that we focused on changes in these proteins in space and after the PFC. The
expression of ERM genes, with the exception of EZR, was not altered in cells expressing Lifeact-GFP during the
PFC, vibration or hyper-g. Increased expression of EZR in FTC-133 during the PFC may be caused by hyper-g as
a similar increase of EZR is observed under 1.8 g conditions. The increase of ACTB in FTC-133 during hyper-g
was also reflected in an increased expression of RDX and MSN.

Our observations demonstrate that the cells sense gravitational unloading rapidly after the onset of micrograv-
ity, which consequently leads to immediate formation of filopodia-, and lamellipodia-like structures. Since these
actin-dependent filaments are involved in cellular processes like adhesion and migration, it makes sense for the
cells to make use of such molecular architecture elements®. Our experiments also provide data indicating alter-
ation in expression of ERM genes. These proteins strongly localize to microvilli and it has recently been shown
that over-activation of ERM proteins leads to tightening of the cortex-membrane linkage as reported by Fritzsche
et al.®%. In response to over-expression of ezrin and F-actin, an orchestrated sequence of different actin structures
may thus be envisioned for the cells until they experience severe issues characteristic for stress granules®2.

In conclusion, the FLUMIAS microscope has elegantly proven its applicability for live-cell imaging during
both PFC and TEXUS 52 flights and by using this platform, in combination with gene expression analysis, we
have documented significant alterations of the cytoskeleton, occurring rapidly after entrance to microgravity. We
believe that the concept of using the FLUMIAS live-cell imaging system in microgravity might provide important
knowledge in our understanding of the fundamental role of gravity in cell biology including cancer cell growth
and function. We also believe that the FLUMIAS microscope is an important technological advance in live-cell
imaging when dissecting protein localization.
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Methods

The FLUMIAS spinning disc microscope. The FLUMIAS confocal laser spinning disc fluorescence
microscope was developed by the company FEI Munich GmbH, Germany (Fig. 1, see text for details). A sketch
depicting the working principle of a confocal laser spinning disc fluorescence microscope is shown in Fig. 2.
The biological samples are seeded to an Ibidi-slide (ibidi GmbH, pi-slide VI 0.4 ibiTreat slide) (Fig. 3D), which is
installed inside the late access and fixation unit (designed and built by Airbus DS) (Supplementary Figure S1E).
The FLUMIAS microscope is equipped with a 40x objective (Carl Zeiss Microscopy GmbH, Plan-Apochromat
40x/0.95 Corr), a spinning disc unit (called Andromeda) and a camera (Hamamatsu Photonics Deutschland
GmbH, Orca flash 4.0). The laser light originates from the laser line combiner (Omicron-Laserage Laser products
GmbH, LightHUB-4). As a supporting structure and for power supply, cooling and control of the microscope
Airbus DS built an experiment service subsystem for the FLUMIAS TEXUS 52 FM.

Parabolic flight. The parabolic flight experiments were carried out on-board the Airbus A300 ZERO-G, oper-
ated by the Bordeaux-Merignac-based company Novespace (France) (Supplementary Figure S1A). The parabolic
maneuvers each consisted of 31 consecutive parabolas during the flight'. The procedure was described earlier in
detail -5,

Cell culture procedure for the PFC. The cell culture procedure for the 24" and 25% DLR parabolic flight cam-
paigns was published earlier'*. The human follicular thyroid carcinoma cell line FTC-133 was purchased from
the Health Protection Agency Culture Collections (HPACC). The cells were cultivated in RPMI 1640 (Life
Technologies) medium supplemented with 10% FCS (Biochrom AG) and 1% penicillin/streptomycin (Life
Technologies) and cultured under standard cell culture conditions at 37 °C and 5% CO,. In brief, the cells were
cultivated in 16 T175 cell culture flasks (175 cm?; Sarstedt). During this time, the cells were covered by 15 ml
(T175 flasks) of complete medium. Half of the flasks (n = 8) with appropriate medium were used as 1 g ground
control cells, cultured, and fixed in the laboratory, and the other half were, in parallel, taken to the aircraft for the
parabolic flight (n=8). Syringes containing the appropriate fixative (RNAlater) were connected to both types
of flasks for the parabolic flight via a flexible tube and 3-way valve’. One hour before each flight, the cell culture
flasks and slides were transported to the aircraft and placed into the 37 °C preheated incubator on an experi-
mental rack. After the flight the samples were immediately brought to the cell culture laboratory at Novespace,
Bordeaux-Merignac, France.

TEXUS 52 sounding rocket flight mission. The rocket flight experiment was performed on-board a sounding
rocket as part of the DLR TEXUS (Technologische EXperimente Unter Schwerlosigkeit) 52 mission launched
from Esrange, Swedish Space Center (SSC), in Kiruna in Northern Sweden (see Supplementary Figure S1B
and Supplementary Video S2). The rocket type was a Brazilian two-stage solid propellant VSB 30 rocket
(Supplementary Figure S1F). The duration of the flight was approximately 15 minutes and the parabolic flight
brought the sounding rocket to an altitude of 261 km. Following launch, the rocket enters microgravity after
75 seconds of flight and the payload is then exposed to <107*g for a period up to 390 seconds. At this stage the
rocket re-enters the atmosphere and following parachute-mediated deceleration the payload is recovered after
landing on the Earth.

Construction of a versatile construct to visualise F-actin and a-tubulin. To construct pcDNA3.1-Lifeac
t-eGFP-IRES-mCherry-Tubulin, briefly, pPLAGICT, a DNA sequence construct harboring a NotI restriction site,
the Lifeact sequence, encoding a 17 amino acid long F-actin marker® followed by a seven amino acid long linker
(GDPPVAT) in frame with Lifeact, the cDNA sequence encoding eGFP, an internal ribosome entry site (IRES)
sequence, the cDNA sequence encoding mCherry, a 7 amino acid long linker (SGLRSRA) in frame with mCherry,
and the cDNA sequence encoding a-tubulin, followed by a Xbal restriction site was ordered from Genscript
(Fig. 3A). The Lifeact-eGFP-IRES-mCherry-Tubulin sequence, provided in a pUC57 plasmid, was excised
by digestion with NotI/Xbal (New England Biolabs), purified by gel extraction and ligated into the NotI/Xbal
restriction sites of pcDNA3.1(+) (Invitrogen). Following transformation in ultracompetent Escherichia coli strain
XL2-Blue (Stratagene) and overnight growth on LB/agar plates supplemented with ampicillin, colonies of inter-
est were cultured overnight in 2ml LB supplemented with ampicillin and plasmid DNA was purified from the
remaining pellet by QIAprep spin column (Qiagen). Following digestion with NotI/Xbal plasmid DNA prepara-
tions harboring inserts of the expected size (~3.5kb) were submitted to sequencing.

Generation of Lifeact-GFP expressing FTC-133 cells and cell culture procedure.  To generate stable transfected cells
FTC-133 cells were seeded in T75 flasks 75 cm? (Sarstedt). The next day the cells were transfected with pLAGICT
as previously described®. In brief, a total of 11.25 g plasmid DNA and 33.75 pl X-tremeGENE 9 transfection
(Roche) reagent in a total volume of 750 pl serum free medium was used according to the manufacturer’s instruc-
tions. Twenty-four hours post transfection, cells were seeded into P15 dishes (Greiner). Six to twelve hours later
the medium was replaced with medium containing Neomycine (G418) 1.5 mg/ml (VWR). Approximately one
week after the initiation of the selection procedure non-transfected cells were dead and several positive clones
were harvested after an additional week of selection. Expression of Lifeact-GFP was validated by fluorescent
miCroscopy.

For the PFC, the cells were cultivated either in T175 cell culture flasks (Sarstedt) until subconfluent monolay-
ers were obtained or in p-slide VI 0.4 ibiTreat slides (Ibidi) (Fig. 3D). One slide (each flight day) was taken to the
aircraft for live-cell imaging with the FLUMIAS microscope, and another slide was investigated by fluorescence
microscopy on ground (1¢) in the laboratory. Approximately one hour prior each of the three flights, a u-slide
(Fig. 3D) was mounted in the late access and fixation unit of the microscope (Supplementary Figure S1E) and
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brought to the aircraft together with the cell culture flasks. The late access and fixation unit containing the slide
was loaded into the pre-heated FLUMIAS EM placed in a protective dome-shaped rack (Supplementary Figure
S1C). The cell culture flasks were placed in the incubator, likewise pre-heated, on an experimental rack'.

Cells used for the TEXUS 52 mission were seeded into six p-slides 28 hours prior to lift-off (Fig. 3D). Two
hours before lift-off one yi-slide was selected and mounted in the late access and fixation unit and brought to
the rocket, where it was loaded into the pre-heated FLUMIAS FM placed in a protective dome-shaped rack
(Supplementary Figure S1D). The remaining p-slides were used as ground control cells, hyper-g (1.8 g) control
cells, and vibration (Vib) control cells, respectively (see below).

Hypergravity experiments. Experiments in hyper-g were conducted on the short-arm human centrifuge (DLR
(German Aerospace Agency), Cologne, Germany) as described recently’. In brief, two portable incubators were
placed in a swing-out device on the centrifuge to ensure that the cells were exposed to a correct vertical accel-
eration. The cells were exposed to a continuous hyper-g phase of 1.8 ¢ for 2h corresponding to the time period
of 31 parabolas (31P). In parallel, the static 1 g controls were cultured in the laboratory. For real-time qPCR
analysis n = 12 static 1 g controls and n= 12 1.8 g hyper-g-samples were collected. For imaging of cells exposed
to hyper-ga u-slide was placed in a Heraeus Omnifuge 2.0 RS centrifuge using a swing-out rotor and centrifuged
at a continuous hyper-g phase of 1.8 ¢ for 2h. Imaging on the FLUMIAS FM was performed immediately after
centrifugation.

Vibration experiments. 'T25 cell culture flasks containing 80-90% confluent monolayers were attached to a
Vibraplex platform in an incubator at 37 °C with 5% CO, and treated as previously described®. On the Vibraplex
device the cells were exposed to vibrations comparable to those occurring during parabolic flights®. Frequencies
ranging from 0.2 to 14 Hz were applied, corresponding to the three phases of a parabola, over 2 h, which cor-
responds to the total time period of 31 parabolas during a parabolic maneuver. For real-time qPCR analysis
n= 5 static 1 g controls and n = 5 vibration samples were collected. For imaging of cells exposed to vibration the
p-slide was placed on a Vibraplex platform in an incubator at 37 °C and exposed to vibrations as described above.
Imaging on the FLUMIAS FM was performed immediately after vibration.

RNA isolation and real-time qPCR analysis. qPCR was used to determine the expression levels of the genes
of interest. The medium or the mixture of medium and RNAlater was removed and replaced by 5-10 ml fresh
RNAlater. Following storage at 4 °C the cells were scraped off by using cell scrapers (Sarstedt), transferred to
50 ml tubes, and pelleted by centrifugation (2500 g for 10 minutes at 4 °C). Total RNA was isolated according to
the manufacturer’s instructions using the RNeasy Mini Kit (Qiagen). The quality and concentration of RNA were
assessed spectrophotometrically by means of a NanoDrop instrument (Thermo Scientific). In all cases purified
RNA had an A260/280 ration of >1.7.

cDNA obtained with the First-strand cDNA synthesis Kit (Fermentas) by applying 1 g of total RNA in a 20 pl
reverse transcription reaction was used for qPCR analysis in order to determine the expression levels of genes of
interest. Primer Express software (Applied Biosystems) was applied to design appropriate primers with a Tm of
~60°C (Supplementary Table S1). The assays were performed on a StepOnePlus Real-Time PCR System using the
Power SYBR Green PCR Master Mix (both Applied Biosystems). The total reaction volume was 25 pl including
1 ul of template cDNA with a final primer concentration of 500 nM. PCR conditions were as follows: 10 minutes
at 95°C, 40 cycles of 30 seconds at 95°C and 1 minute at 60 °C. The run was followed by a melting curve analysis
step. If all amplicons showed a Tm similar to the one predicted by the Primer Express software, the PCR reac-
tions were considered specific. Every sample was measured in triplicate, and relative quantification was obtained
by means of the comparative C; (AACy) method. 18S rRNA was used as a housekeeping gene to normalize the
expression data.

Statistics. All statistical analyses were performed using SPSS 16.0 software (SPSS, Inc., Chicago, IL,
USA). Data are presented as the mean & SD. Statistical differences between two groups were evaluated using
Mann-Whitney-U. P < 0.05 was considered statistically significant.
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Abstract: Microgravity induces three-dimensional (3D) growth in numerous cell types. Despite substantial
efforts to clarify the underlying mechanisms for spheroid formation, the precise molecular pathways
are still not known. The principal aim of this paper is to compare static 1g-control cells with spheroid
forming (MCS) and spheroid non-forming (AD) thyroid cancer cells cultured in the same flask under
simulated microgravity conditions. We investigated the morphology and gene expression patterns in
human follicular thyroid cancer cells (UCLA RO82-W-1 cell line) after a 24 h-exposure on the Random
Positioning Machine (RPM) and focused on 3D growth signaling processes. After 24 h, spheroid
formation was observed in RPM-cultures together with alterations in the F-actin cytoskeleton. qPCR
indicated more changes in gene expression in MCS than in AD cells. Of the 24 genes analyzed
VEGFA, VEGFD, MSN, and MMP3 were upregulated in MCS compared to 1g-controls, whereas ACTB,
ACTA2, KRT8, TUBB, EZR, RDX, PRKCA, CAV1, MMP9, PAI1, CTGF, MCP1 were downregulated.
A pathway analysis revealed that the upregulated genes code for proteins, which promote 3D growth
(angiogenesis) and prevent excessive accumulation of extracellular proteins, while genes coding for
structural proteins are downregulated. Pathways regulating the strength/rigidity of cytoskeletal
proteins, the amount of extracellular proteins, and 3D growth may be involved in MCS formation.

Keywords: thyroid cancer; simulated microgravity; random positioning machine; pathway studio;
caveolin-1; vascular endothelial growth factor; matrix metalloproteinases; growth

1. Introduction

Altered gravity conditions, such as real or simulated microgravity (ug), offer new and unique
approaches to cell biology in general and tissue engineering in particular. Research in Space and
experiments using ground-based facilities, such as the fast rotating clinostat (FRC), the random
positioning machine (RPM) or rotating wall vessel (RWV) have revealed microgravity-dependent
alterations of extracellular matrix proteins and the cytoskeleton, changes in apoptosis, proliferation,
and differentiation as well as differences in the growth behavior of human cells [1-4]. Moreover,
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microgravity has been shown to promote the scaffold-free growth of 3D multicellular constructs from
a monolayer culture of a variety of different cell types, with striking resemblance to actual in vivo tissue
in several cases [5-7].

During the last few years, we have focused on the behavior of malignant thyroid cells [8] under
conditions of altered gravity and vibration [9]. We have exposed different healthy and malignant
human thyroid cell lines to both real (on parabolic flight campaigns and on the SimBox/Shenzhou-8
Space Mission) and simulated (RPM) pg for different time periods [2—4,8,10-14]. These studies showed
that healthy and malignant human thyroid cell lines share the capability to form 3D multicellular
spheroids (MCS) after exposure to annulled gravity conditions for various time periods [10-12].
In general, the cell lines exhibited a similar behavior overall with some differences in detail concerning
gene and protein expression as well as the speed of aggregation [2]. The MCS are of great interest for
cancer research, because they provide the possibility to study cancer cells in vitro. They provide a 3D
structure with a known cellular composition. In this state, the cells interact with each other in a 3D
way like they do in vivo, but differently to being grown within monolayers. In addition, the spheroids’
cells show a much higher invasive potential than monolayer cells [15]. Therefore, by investigating
formation and growth of MCS, it might be possible to learn about the formation of metastases and
thus to find new, so far neglected targets for cancer therapy/suppression.

Based on the findings of our previous studies, the aim of this study was to further analyze
candidate genes and proteins in MCS of human UCLA RO82-W-1 grown on a RPM after 24 h and
identify pathways involved in MCS formation by employing both molecular biological (quantitative
real-time PCR) as well as in silico (Partek analyses) methods.

2. Results and Discussion

2.1. Spheroid Formation

Phase contrast microscopy revealed that the static control UCLA RO82-W-1 cells grew as a normal
monolayer, when the cell culture flasks were placed next to the RPM in the incubator (Figure 1a).
However, after a 24 h-exposure of UCLA RO82-W-1 follicular thyroid cancer cells to the RPM, two types
of growth were observed: irrespectively of the culture dish used, one part of the cells grew as 3D
aggregates, the other part as a two-dimensional monolayer (Figure 1b,c).

Figure 1. Phase contrast microscopic pictures of UCLA RO82-W-1 1g-control cells (a), and RO82-W-1
cells cultivated on the Random Positioning Machine (RPM) in slides flasks; (b) and T25 cell culture
flasks; (c) for 24 h. Control cells remained adherent and formed a (sub)confluent monolayer (a). In both

RPM-samples, some cells remained adherent, while others detached forming 3D spheroids of similar
size, thus constituting two distinct cell populations (b,c). Scale bars = 100 um.

This process is well known and has been detected in populations of various types of cells including
endothelial cells, chondrocytes, and thyrocytes [6]. It occurs by culturing normal and malignant cells
and seems to be due to the effects of microgravity but not to healthy or malignant states of the
cells [6,8,14]. Follicle formation can also be induced when the cells are cultured on agarose-coated
dishes with a special follicle induction medium [16] or by using the liquid-overlay technique [12].
From these studies, we concluded that a set of proteins interacting properly with each other, drive a cell
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into a 3D kind of growth. This set is not specific for thyroid cells and does not comprise all proteins
changeable under microgravity. For example, thyroid hormones and thyroglobulin are reduced as well
as TSH receptors are changed when thyroid cells are cultured under microgravity conditions, while
spheroid formation occurs even in their absence [3,17].

Moreover, in the adherent part of the RPM-exposed UCLA RO82-W-1 cell stress fibers are
visible as well as lamellipodia, filopodia, and microvilli (Figure 2b), which cannot be detected in
the corresponding 1g-control cells (Figure 2a). This is also in accordance with earlier studies performed
on human cells exposed to microgravity, which demonstrated that the cytoskeletal proteins are
a preferred target affected by conditions of real and simulated microgravity, irrespectively of whether
a cell remains adherent or forms MCS [12,13,18,19].

n rel. LOX gene expression (% of contral].
4 883 88 8 & 8 B

o

18 AP AD

RPM MCS

Figure 2. Actin cytoskeleton network visualization and LOX gene expression analysis. Rhodamine-phalloidin
staining of UCLA RO82-W-1 cells exposed to 1¢ (a) and altered gravity on the RPM; (b) for 24 h.
White arrows designate stress fibers accumulating at the cell borders, the yellow arrow shows
lamellipodia and filopodia, the orange one microvilli. Quantitative rtPCR analyses of the LOX gene
expression in 1g-control cells, RPM-adherent cells (AD) and RPM-multicellular spheroids (MCS) cells
after a 24 h-culture (c). Scale bars = 20 um (a and b in bottom right corner).

2.2. Impact of Simulated Microgravity on the Activation of Genes Coding for Selected Proteins

In order to find reasons for the transition of the cells from a two- to a three-dimensional kind of
growth, we selected 24 genes (Table 1), which attracted attention in our earlier proteomic and genomic
studies on spheroid formation of various types of cells [6,18,20]. The genes to be analyzed were
selected from a number of preceding publications, where we found that cytoskeletal proteins change,
that an overgrowth of extracellular proteins can prevent spheroid formation, that membrane proteins
influence this process, and that nuclear proteins are activated [2,4,10,21]. These genes are coding for
proteins belonging to three groups: (i) proteins establishing and regulating cell structures (Figure 3a-g);
(ii) extracellular proteins regulating the cell behavior (Figures 2c, 4 and 5); and (iii) proteins involved
in angiogenesis and signaling processes (Figures 3h, 4 and 5). A Pathway Studio analysis revealed that
aside from TUBB, the expression of the genes is mutually controlled within the frame of a network
(Figure 6). The proteins coded by these genes consisted of five membrane proteins, nine soluble factors,
and nine extracellular proteins. They also form a network of regulation, which stretches across the
membranes (Figure 7).



Int. J. Mol. Sci. 2016, 17, 528

4 0f 20

Table 1. Primer used for quantitative real-time PCR.

Gene F-Primer Sequence R-Primer Sequence
185 rRNA 18S-F GGAGCCTGCGGCTTAATTT 185-R CAACTAAGAACGGCCATGCA
ACTA2 ACTA2-F GAGCGTGGCTATTCCTTCGT ACTA2-R TTCAAAGTCCAGAGCTACATAACACAGT
ACTB ACTB-F TGCCGACAGGATGCAGAAG ACTB-R GCCGATCCACACGGAGTACT
AKT1 AKT1-F CTTCTATGGCGCTGAGATTGTG AKTI1-R CAGCATGAGGTTCTCCAGCT
CAV1 CAV1-F CCTCCTCACAGTTTTCATCCA CAV1-R TGTAGATGTTGCCCTGTTCC
CAV2 CAV2-F GATCCCCACCGGCTCAAC CAV2-R CACCGGCTCTGCGATCA
CTGF CTGF-F ACAAGGGCCTCTTCTGTGACTT CTGF-F GGTACACCGTACCACCGAAGAT
EZR EZR-F GCAATCCAGCCAAATACAACTG EZR-R CCACATAGTGGAGGCCAAAGTAC
FLK1 FLK1-F TCTTCTGGCTACTTCTTGTCATCATC FLKI-R GATGGACAAGTAGCCTGTCTTCAGT
KRT8 KRTS8-F GATCTCTGAGATGAACCGGAACA KRT8-R GCTCGGCATCTGCAATGG
LOX LOX-F TGGGAATGGCACAGTTGTCA LOX-R AGCCACTCTCCTCTGGGTGTT
MCP1 MCP1-F GCTATAGAAGAATCACCAGCAGCAA MCP1-R TGGAATCCTGAACCCACTTCTG
MMP3 MMP3-F ACAAAGGATACAACAGGGACCAA MMP3-R TAGAGTGGGTACATCAAAGCTTCAGT
MMP9 MMP9-F CCTGGAGACCTGAGAACCAATC MMP9-R TTCGACTCTCCACGCATCTCT
MSN MSN-F GAAATTTGTCATCAAGCCCATTG MSN-R CCATGCACAAGGCCAAGAT
PAI1 PAI1-F AGGCTGACTTCACGAGTCTTTCA PAI1-R CACTCTCGTTCACCTCGATCTTC
PRKCA PRKCA-F TGGGTCACTGCTCTATGGACTTATC PRKCA-R CGCCCCCTCTTCTCAGTGT
RDX RDX-F GAAAATGCCGAAACCAATCAA RDX-R GTATTGGGCTGAATGGCAAATT
RHOA RHOA-F CGTTAGTCCACGGTCTGGTC RHOA-R GCCATTGCTCAGGCAACGAA
TGFB1 TGFB1-F CACCCGCGTGCTAATGGT TGFB1-R AGAGCAACACGGGTTCAGGTA
TGFBR1 TGFBR1-F CGCACTGTCATTCACCATCG TGFBR1-R CACGGAACCACGAACGTTC
TUBB TUBB-F CTGGACCGCATCTCTGTGTACTAC TUBB-R GACCTGAGCGAACAGAGTCCAT
VCAM VCAM-F CATGGAATTCGAACCCAAACA VCAM-R GGCTGACCAAGACGGTTGTATC
VEGFA VEGFA-F GCGCTGATAGACATCCATGAAC VEGFA-R CTACCTCCACCATGCCAAGTG
VEGFD VEGFD-F TGCAGGAGGAAAATCCACTTG VEGFD-R CTCGCAACGATCTTCGTCAA

ACTA2: «x-actin-2; ACTB: Actin 3; AKT1: Nuclear factor NF-«-B activator 1; CAV1: Caveolin 1; CAV2: Caveolin 2; CTGF: Connective tissue growth factor; EZR: Ezrin;
FLK1: Vascular endothelial growth factor receptor 2; KRT8: Cytokeratin-8; LOX: Oxidized low-density lipoprotein receptor 1; MCP1: Monocyte chemotactic protein 1; MMP3: Matrix
metalloproteinase-3; MMP9: Matrix metalloproteinase-9; MSN: Moesin; PAI1: Plasminogen activator inhibitor 1; PRKCA: Protein kinase C alpha type; RDX: Radixin; RHOA: Ras
homolog gene family, member A; TGFB1: Transforming growth factor 3-1; TGFBR1: TGF-f receptor type-1; TUBB: Tubulin 3, VCAM: Vascular cell adhesion protein 1; VEGFA:
Vascular endothelial growth factor A; VEGFD: Vascular endothelial growth factor D; F: Forward; R: Reverse. All sequences are given in 5-3’ direction.
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In order to examine the impact of an up- or downregulation of a given gene on the other members
of the network, we determined the expression of the selected genes in cells exposed to the RPM
or cultured under normal 1g-conditions. For this purpose, the mRNA expression of the genes was
determined by qPCR after they had been cultured on (AD or MCS cells) or next (1g-controls) to the
RPM for 24 h.

The actin cytoskeleton is involved in adhesion molecule clustering. Therefore, we investigated
first the effects exerted by simulated microgravity on the mRNA expression of VCAM and cytoskeletal
proteins. The gene expression of ACTB and ACTA2 was reduced in MCS and AD cells (Figure 3a,e)
compared with 1g-controls. In addition, the gene expression of KRT8 and TUBB was downregulated
in MCS (Figure 3b,f). Furthermore, the EZR mRNA was clearly decreased in RPM AD samples and
further downregulated in MCS compared with 1g-samples (Figure 3c). RPM-exposure reduced the
RDX gene expression significantly in both groups—AD and MCS (Figure 3d), whereas MSN decreased
in AD, but was elevated in MCS (Figure 3g). There was a tendency of VCAM upregulation in AD cells
and of a downregulation in MCS (Figure 3h). Taking together the results shown in Figure 3 clearly
shows that the expression of the examined genes related to the cytoskeleton was downregulated
during spheroid formation early within 24 h
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Figure 3. Quantitative real-time PCR of genes of cytoskeletal proteins (Genes of interest I): After 24 h,
1g-control, RPM-adherent (AD) and RPM-multicellular spheroids (MCS) were analyzed for their ACTB
(a); KRTS (b); EZR (c); RDX (d); ACTA2 (e); TUBB (f); MSN (g); and VCAM (h) gene expression levels.
*=p<0.050s. 1g; #=p < 0.05 vs. RPM AD.

2.3. Three-Dimensional Growth Signaling Pathways

Nothing is known about the role of typical angiogenic factors in the early phases of MCS formation.
Here we detected a 2.5-fold increase in the VEGFA gene expression in MCS samples (Figure 4a)
and a 5-fold increase in VEGF protein released in the supernatant (Figure 4e). We could also find
an upregulated gene expression of VEGFD in MCS samples of UCLA RO82-W-1 cells (Figure 4b).
The VEGFR2 (FLK1) mRNA appeared to be slightly although not significantly downregulated in
RPM-samples after 24 h (Figure 4f). The AKT1 gene expression remained unchanged (Figure 4c).
Focusing on the protein kinase C (PKC) pathway, which is involved in cell proliferation and is
affected during spheroid formation [10], we could measure a clear reduction of PRKCA mRNA after
RPM-exposure in AD and MCS samples compared with corresponding static 1g-controls (Figure 4g).
As a representative member of growth factors influencing cell proliferation we investigated possible
changes in the connective tissue growth factor (CTGF) gene expression. After a 24 h-RPM-exposure,
CTGF mRNA was downregulated (Figure 4d). Monocyte Chemoattractant Protein-1 (MCP-1) had
been identified to play an important role in 3D formation under conditions of weightlessness [21].
The MCP1 gene expression was downregulated in MCS (Figure 4h), but remained unchanged in
AD cells. Hence Figure 4 shows that two of the angiogenic-related genes (VEGFA, VEGFD) after
RPM-exposure of the cells were upregulated.
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Figure 4. Quantitative real-time PCR of genes of interest Il and VEGF secretion. After 24 h, 1g-control,
RPM-adherent (AD) and RPM-multicellular spheroids (MCS) were analyzed for their VEGFA (a);
VEGFD (b); AKT1 (c); CTGF (d); FLK1 (f); PRKCA (g); and MCP1 (h) gene expression levels. In addition,
VEGEF secretion into the culture medium was determined (e) * = p < 0.05 vs. 1g; # = p < 0.05 vs. RPM AD.
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We previously have shown that genes and proteins involved in the regulation of FTC-133 thyroid
cancer cell proliferation and metastasis, such as VEGFA and VEGFD were similarly regulated under
long-term RPM and spaceflight conditions (10 days microgravity) [4]. After 10 days in Space, we
detected a reduced VEGFA mRNA in RPM AD cells and MCS cultures, as well as spaceflight AD cells
and MCS cultures [4]. Interestingly, the VEGFD mRNA was increased in the RPM and in Space cultures
of the Shenzhou-8 Space Mission [4], which is comparable to the 24 h-result in UCLA RO82-W-1
RPM samples.

2.4. Factors Regulating the Amount of Extracellular Proteins

We described recently that the quantities of extracellular matrix (ECM) proteins play a decisive
role in spheroid formation [22]. An increased ECM together with enhanced amounts of Caveolin-1,
which scaffolds several proteins like PKC or KDR within the membrane [21,22] can cause a firm
anchoring of the cells within the ECM and inhibits spheroid formation [22].

Therefore, we also studied gene alterations of the matrix metalloproteinases MMP3 and MMP9.
They are known to play a role in regulating the amount of extracellular matrix proteins [23,24].
Both, MMP3 and MMP9 mRNAs were significantly elevated in AD cells (Figure 5a,e). MMP3 was
further enhanced in MCS compared with 1g-controls, whereas MMP9 was blunted in MCS samples
(Figure 5a,e). Caveolin-1 and -2 were both expressed by UCLA RO82-W-1 cells. The CAVI mRNA
was downregulated in AD and MCS (Figure 5b). A similar result was obtained for CAV2 (Figure 5f).
Both TGFB1 and TGFBR1 gene expression remained unaltered (Figure 5c,g).
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Figure 5. Quantitative real-time PCR of genes of interest III. After 24 h, 1g-control, RPM-adherent
(AD) and RPM-multicellular spheroids (MCS) were analyzed for their MMP3 (a); CAV1 (b); TBFB1 (c);
PAI1 (d); MMP9 (e); CAV2 (f); TGFBR1 (g) and RHOA (h) gene expression levels. * = p < 0.05 vs. 1g;
#=p <0.05vs. RPM AD.

Recent pathway analyses demonstrated that enhanced concentrations of plasminogen might
inhibit spheroid formation [21,22]. We measured the plasminogen activator inhibitor-1 (PAII) gene
expression. PAI1 was significantly downregulated in AD and MCS samples (Figure 5d), which may
favor the degradation of extracellular plasminogen [25]. In addition, the RHOA mRNA was not altered
after a 24 h-RPM-exposure (Figure 5h).

2.5. In Silico Search for Mutual Gene Regulation

Figures 3-5 indicated that cells remaining adherent during the early 24 h of incubation kept 16 of
the 24 genes investigated within the frame of not-significant variation, downregulated seven, and
upregulated one. In contrast, cells growing three-dimensionally exerted three upregulated genes,
downregulated 11, and kept only 10 within the frame of not-significant variation. In order to find
reasons how the changes of the genes mentioned above may contribute to a transition from a two- to
three-dimensional growth behavior of UCLA RO82-W-1 follicular thyroid cancer cells, we wanted to
find relationships between the networks shown in Figures 6 and 7 and the gene expression changes
indicated in Figures 3-5. The most significant upregulation was indicated for the VEGFA and VEGFD
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genes only in MCS cells (Figure 4a,b). A simultaneous upregulation of both genes had already been
observed in de-differentiated human ovarian carcinomas [26]. Regarding VEGFA, not only the gene
was upregulated, but also the quantities of VEGFA proteins released in the supernatant were enhanced
(Figure 4e). This indicates that both AD cells and MCS cells grew on the RPM under enhanced
concentrations of external VEGFA. However, only those cells, showing an upregulated VEGFA mRNA
in combination with an elevated VEGFD mRNA after the first 24 h of RPM-exposure, formed spheroids
(Figure 1).

Figure 6. Mutual regulation network at gene expression level. FIGF-vascular endothelial growth
factor D; KDR-kinase insert domain receptor; SERPINEI-plasminogen-activator inhibitor-1.

\‘-ﬂ--

! ;8
-ﬂﬁﬂ-ﬂh"ﬁol

Figure 7. Mutual regulation network at protein level and cellular localization of identified proteins.

In our system, i.e., in the presence of enhanced external VEGFA protein, the MCS-cells with
enhanced simultaneous VEGFA and VEGFD mRNA expression showed a significant downregulation of
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the o/ -actin expression, while the AD cells kept their actin expression rates similar to the 1g-control cells.
It has already been described that VEGF downregulates «/3-actin expression in retinal endothelial
cells or in arterial smooth muscle cells after addition of external VEGFA [27,28]. The mechanism is
unknown, but could include miR-205 and EZR mRNA production, as described by Li ef al. [29].

The MMP3 expression is upregulated in AD cells and even more in MCS cells (Figure 5a).
This corresponds to the observation of Saleh et al. who showed that the MMP3 gene expression in
peripheral blood mononuclear cells is depending on their own expression of the VEGF gene as well as
on plasma VEGF concentration [30]. In addition, MMP?9 is upregulated (Figure 5e). VEGF is known to
upregulate the expression of MMP9 in lung macrophages as long as a VEGFR-1 receptor is present
on the surface [31]. The MMP9 expression may also be upregulated by MCP1 [32]. Its expression is
elevated in AD cells, but lowered in MCS cells (Figure 5e).

Furthermore, the PAI-1 (Figure 5d) gene expression was downregulated in the presence of the
enhanced VEGF, while TGFB1 (Figure 5c) gene expression remained unchanged. A similar VEGF effect
was described for endothelial cells [33]. We recently found that plasminogen accumulation contributes
to inhibition of spheroid formation [22]. Hence, an attenuation of the inhibition of plasminogen
activators due to downregulation of PAI-1 could help to form spheroids [34].

Although it has been demonstrated in a number of studies that VEGF upregulates the FLK1 [34],
we observed a slight but insignificant downregulation of the mRNA of FLK1 (Figure 4f). This might be
explained by a decreased amount of CAV1, which scaffolds FLK1 [21,35] or by the presence of various
VEGF-A isoforms. For example, the VEGF-A121 was found to have little effect on KDR expression [36].
Similarly, the VCAM expression depends on the isoforms of the VEGF surrounding the cells [37].

Furthermore, the LOX (monoamine oxidase lysyl oxidase) expression was not significantly
changed under the conditions of elevated VEGF in microgravity (Figure 2c), although in ARPE-19 cells
a VEGF-dependent increase of enzyme activity as well as the mRNA expression of LOX was found [38].
Interestingly, a slight but insignificant increase of LOX mRNA was found in AD cells, while LOX was
simultaneously decreased in MCS cells (Figure 2c). This is in accordance to our earlier hypothesis that
a removal of LOX favors spheroid formation [39]. It is known that LOX is involved in several steps
of metastasis and it might be an interesting protein to be investigated in co-culture experiments with
endothelial cells in the future.

It is described in the literature that VEGF upregulates CCL-2 as well as the CTGF gene
expression [40,41]. In AD cells we found that CTGF was slightly downregulated, but MCP1 is
upregulated insignificantly though. In MCS cells both types of genes were further downregulated.
This result suggests that AD and MCS respond differently to VEGE.

This study was designed to investigate the underlying mechanisms for 3D growth on the RPM.
The study revealed that during exposure to microgravity the UCLA RO82-W-1 cell population splits in
adherent and three-dimensionally growing cells. This observation fits to results obtained by others as
well as by our group. For example, when cultured on the RPM murine osteoblasts and human breast
cancer cells split into two populations with different phenotypes, respectively [42,43]. We previously
described malignant FTC-133 thyroid cancer cells, healthy chondrocytes, or endothelial cells growing
in one culture flask simultaneously in a two- or a three-dimensional manner [2,3,6,8,44].

Interestingly, only seven of the 24 genes investigated showed significantly different gene expression
levels in AD and MCS cells. This finding suggests that neighboring cells of one culture change distinct
genes in different ways. Attempts were made to explain the split of cell population into different
sub-populations, stressing the phenomenon of bifurcation [43,45-47]. The authors of this hypothesis
suggest that the cells, when exposed to microgravity, come into a state in which very small secondary
effects, such as gene variations observed in single cell transcriptomes of a seemingly homogenous
population, may trigger the development of single cells into different directions [48]. In our earlier
experiments, flow cytometry measurements repeatedly indicated considerable variations of the number
of distinct antigens at the cell surfaces. Cell electrophoretic studies showed that the overall surface
charge density varies from cell to cell in a way that two distinct cell populations emerge [49,50].
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In addition, we found that the glycolytic enzyme alpha-enolase was differently expressed in different
cells of a population [51]. Therefore, the task remains to examine the accumulation of extracellular
proteins, whose overexpression prevent spheroid formation in a whole culture, in regard to individual
cells and to study whether different accumulation of the proteins described recently could prevent
spheroid formation on an individual cell basis [22]. This way, we will learn whether MCS cells stem
from those cells being driven out from the monolayer by microgravity but not by normal gravity,
because of their lower accumulation of extracellular matrix proteins than that of their neighbors.

In accordance with earlier investigations performed on human follicular thyroid cells exposed
to microgravity, these experiments also suggest that the cytoskeletal proteins and their organizers
ezrin, radixin, and moesin [52] are a preferred target affected by conditions of real and simulated
microgravity [13,19]. Together they organize and maintain the cell cortex as well as the interface
between the extracellular environment/cell membrane, the cytoskeleton, and cytoplasm. They achieve
this by interactions with both membrane and filamentous actin or by linking receptors to further
signaling components. Moreover, they are involved in the regulation of several signaling pathways [53].
Besides moesin, the genes of all analyzed cytoskeletal proteins were downregulated. As one can assume
that both adherent and MCS cells are exposed to similar mechanical forces, it seems reasonable that
mechanical forces are not the only factors, affecting the cytoskeleton. However, mechanical forces could
be more effective in changing the cell’s phenotype, if the quantity of actin or ezrin is reduced [54-56].

o and (3 actins as well as ezrin, which are cytoskeletal key factors, might be downregulated
by VEGE. The most interesting result was that VEGFA and VEGFD were significantly upregulated
only in MCS cells. We do not know the causes of the VEGF upregulation, as all the factors shown
in Figure 6 ((+) sign on arrow) to favor upregulation of VEGF remained in RPM-exposed cells either
similar (AKT-1, TGFB1, RHOA) or were significantly downregulated (PAI-1, MCP-1) as compared
to the 1g-controls. Interestingly, CTGF was downregulated in AD cells by 25% and in MCS cells by
85%. A downregulation of CTGF may enhance the bioavailability of VEGF within the spheroids,
because CTGF binding can neutralize VEGF activity [57]. VEGF regulates vascularization in wound
healing by challenging outgrowth of endothelial cells [58], but also has a great influence on cancer
development and metastasis [59]. It is known that an increase in VEGFA indicates neoangiogenesis,
low-differentiation and progression in cancer [59,60]. In addition, VEGF production is modified, when
cells grow under microgravity [61]. We had recently demonstrated that microgravity-exposure of
FTC-133 thyroid cancer cells for 10 days in Space and on the RPM induced a downregulation of
VEGFA, but an upregulation of VEGFD [4]. VEGFA and VEGFD exert differently strong effects on their
target cells and by competing for the equal receptor-binding site VEGFD may fine-tune the VEGFA
activities [62]. Hence, both VEGFs seem to play different roles in wound healing, tumor progression
and microgravity-induced reactions. In 2012 Nersita et al. [63] reported a low level of VEGFD in
metastatic thyroid carcinomas, which may indicate that VEGFA effects are not regulated anymore [63].

It was demonstrated in human endothelial cells (EA.hy926 cell line) that these cells also produced
more than normal amounts of VEGF and FLK-1 by themselves [44]. VEGF was increased after
a 4 h-RPM-exposure and was further elevated after 12 h [44]. In addition, an RPM-exposure of the
EAhy926 endothelial cells early induced FLK-1 protein (within 4 h). This increase was further elevated
after a 12 h-RPM-exposure [44]. Interestingly, the external application of 10ng/mL VEGF to the
culture medium reduced the amount of synthesized VEGF protein [44]. Furthermore, EAhy926 cells
incubated for seven days either under 1g-conditions or under s-ug revealed a clear increase in the VEGF
expression of RPM-exposed cells compared with 1g-controls [61]. In this long-term experiment, it
could be demonstrated that external VEGF (10 ng/mL) did not induce a further elevation of VEGF [61].
Gravitational unloading alone stimulated the endothelial cells to synthesize VEGF early. The EA hy926
cell line is a human umbilical vein cell line, established by fusing primary human umbilical vein cells
with a thioguanine-resistant clone of A549 lung carcinoma cells by exposure to polyethylene glycol [64].
Cancer cells are able to fuse spontaneously with endothelial cells to form hybrid cells, facilitating
the cells traversing the endothelial barrier to form metastases [65]. These characteristics will help to
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increase our knowledge in the processes of angiogenesis or metastasis with the aim of finding future
drug targets for cancer therapy. In future studies, it is a matter of interest to investigate the impact of
conditioned medium of microgravity-related cancer cells on endothelial cells or by a co-culture assay.

MMP3 had shown to be upregulated under microgravity. The MMP3 gene product can have
several functions. First, it may be located within the nucleus of cells like chondrocytes and activate
transcription enhancers, which may e.g., in chondrocytes activate the transcription of CTGF genes [66].
This pathway seems not to be active in our system, because the CTGF gene is downregulated at
enhanced transcription of MMP3 (Figures 4 and 5). It is more probable that MMP3 degrades the
VEGEFR or digests products of the extracellular matrix [67]. In a recent spaceflight experiment, we
found that an elevated protein accumulation in the extracellular space could detain 3D formation,
while profilin-1 was phosphorylated in Space [22]. Hence, elevated MMP3 may favor the degradation
of proteins surrounding the cells and in this way support spheroid formation.

CTGEF is involved in the spheroid formation of FTC-133 thyroid cancer cells in Space [11].
The CTGF mRNA expression was enhanced by annulling gravity in space-flown samples, suggesting
a key role of this growth factor in continuing 3D growth type [11]. A reduced CTGF mRNA expression
in 3D aggregates compared to adherent cells was observed on the two devices [68]. In vitro, CTGF has
been shown to stimulate ECM production, chemotaxis, proliferation, and integrin expression and has
been implicated in various biological processes, such as cell proliferation, migration, angiogenesis,
and tumorigenesis [69]. It has also been shown that CTGF expression level was elevated in primary
papillary thyroid carcinoma samples and was correlated with clinical features, such as metastasis,
tumor size, or the clinical stage [70]. After 24 h on the RPM, CTGF was downregulated in UCLA
ROB82-W-1 cells. Therefore, the importance of CTGF in spheroid formation of thyroid cancer cells has
to be further investigated in the future.

In vitro, the protein kinase C-a (PRKCA) is involved in the control of human medullar thyroid
carcinoma cell proliferation and survival by modulating apoptosis [71]. PRKCA gene expression was
downregulated by vibration in human thyroid cells. In this experiment, it was also downregulated.
A factor triggering this downregulation could not be seen in our experiments. However, it is known
that PRKCA initiates upregulation of CAV1 or CTGF [72,73]. Therefore, one might conclude that
PRKCA expressed as found in our experiments may not be capable to enforce upregulation of CAV1 or
CTGF genes [21]. It appears worthwhile to study the PRKCA effects on CAV1 expression because of
the capability of CAV1 to inhibit the cellular sheering out of a monolayer in cancer cells [21].

3. Experimental Section

3.1. Cells

The UCLA RO82-W-1 cell line was used in this study and purchased from Sigma-Aldrich Chemie
(Munich, Germany). The cell line was derived from the metastases of a follicular carcinoma in a female
patient. The primary tumor released thyroglobulin (>10,000 ng/mL), but the uptake of I'3! was less
than 2%. Immunoperoxidase staining revealed thyroglobulin-positivity within the cells. The cell
line was tumorigenous in nude mice [74]. The cells were cultured in RPMI-1640 medium containing
100 uM sodium pyruvate and 2 mM.- L-glutamine, supplemented with 10% fetal calf serum (FCS),
100 U/mL penicillin and 100 pg/mL streptomycin (all Invitrogen, Eggenstein, Germany).

3.2. Random Positioning Machine

30 T25 culture flasks were seeded with 1 x 10° UCLA RO82-W-1 cells each and incubated over
night at 37 °C and 5% CO, in an incubator to ensure attachment of the cells to the bottom of the culture
flask. The next day, the flasks were completely filled with medium carefully avoiding air bubbles.
15 T25 were fixed on the RPM, as close as possible to the center of the platform, which was then
rotated at a speed of 60 °/s in real random mode. The RPM was positioned in a commercially available
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incubator set at 37 °C and supplied with 5% CO,. 15 T25 culture flasks for 1g-ground control cultures
grown in parallel in identical equipment were kept statically in the same incubator as the RPM.

3.3. F-Actin Staining

UCLA RO82-W-1 cells were seeded into slide flasks (BD, Heidelberg, Germany) and placed in
an incubator (37 °C, 5% CO,) overnight, until they attached to the slides. The next day, the slide flasks
were completely filled with medium avoiding air bubbles, sealed with parafilm, and placed on the
RPM for 24 h. F-actin was visualized by means of rhodamine-phalloidin staining (Molecular Probes®,
Eugene, OR, USA). The method was described earlier in detail [75,76].

3.4. RNA Isolation

Directly after the experiments, the cells were fixed with RNAlater (Thermo Fisher Scientific,
Roskilde, Denmark). For harvesting of the cells, RNAlater was replaced by PBS (Invitrogen, Darmstadt,
Germany). The method was published recently in detail [75,77].

3.5. Quantitative Real Time PCR

We employed the real-time quantitative RT PCR to quantify expression levels of the genes of
interest. Appropriate primers with a Tm of about 60 °C were designed with the Primer Express®
(Version 2.0.0, Applied Biosystems, Foster City, CA, USA) software. The primers were synthesized
by TIB Molbiol (Berlin, Germany) and listed in Table 1. The method was published recently in
detail [75,77].

3.6. Pathway Studio Analysis

Pathway Studio v11 was purchased from Elsevier Research Solutions, Amsterdam, The Netherlands.
This program was used online [78]. To start an analysis, the SwissProt numbers of the proteins of
interest were entered.

3.7. Statistics

All statistical analyses were performed using SPSS 21.0 (SPSS, Inc., Chicago, IL, USA, 2012).
The data was analyzed with the Mann-Whitney U test. To account for multiple comparisons,
a Kruskal-Wallis Test was performed beforehand, and Bonferroni corrections were applied. The data
was expressed as means + standard deviation (SD). Differences were considered significant at p < 0.05.

4. Conclusions

This is the first study, using pathway analyses programs to investigate the molecular mechanisms
responsible for 3D growth of follicular thyroid cancer cells grown under conditions of simulated
microgravity for 24 h on the RPM. Earlier studies have shown, that human and rat benign thyroid cells
as well as cancer cells in vitro and in vivo respond to microgravity conditions and induce a variety of
changes in these cells [3,8,17,79-86]. This response might give important hints for cancer research on
Earth [87].

The appearance of the two distinct cell populations, adherent cells and MCS, fits very well to the
phenomenon of the bifurcation point. It remains unclear if initially a shift in the phenotype leads to
a change in gene expression or if the differential gene expression leads to the shift in the phenotype,
but it is very certain that both can influence each other. We still do not know, which one of the
differentially expressed genes is the very first step triggered by the removal of gravity. However, we
recognized, that in the cells with an upregulated VEGFA and VEGFD mRNA, spheroid formation could
be favored, because upregulated MMP-3 mRNA and simultaneously downregulated PAIT mRNA favor
the degradation of the extracellular proteins and reduction of actin and ezrin proteins. These changes
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may facilitate a transition of the phenotypes, while the PRKCA mRNA expression is too low to enforce
upregulation of CAV-1 and MCP1.
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Abbreviation
ACTA2 Actin aortic smooth muscle (P62736)
ACTB Actin cytoplasmic 1 (P60709)
AD Adherent
AKT1 RAC-« serine/threonine-protein kinase (P31749)
CAV1 Caveolin-1 (Q03135)
CAV2 Caveolin-2 (P51636)
CCL2 C-C motif chemokine 2 (P13500)
CTGF Connective tissue growth factor (P29279)
EZR Ezrin (P15311)

FIGF or VEGFD  Vascular endothelial growth factor D (043915)
FLK1 or KDR Vascular endothelial growth factor receptor 2 (P35968)

KRT8 Keratin type II cytoskeletal 8 (P05787)

LOX Protein-lysine 6-oxidase (P28300)

MCS Multicellular spheroids

MCTS Multicellular tumor spheroid

MMP-3 Matrix metalloproteinase-3 or Stromelysin-1 (P08254)

MMP-9 Matrix metalloproteinase-9 (P14780)

MSN Moesin (P26038)

PRKCA Protein kinase C alpha type (P17252)

qPCR Quantitative real-time PCR

RDX Radixin (P35241)

RHOA protein: Ras homolog gene family, member A; gene: Transforming protein RhoA (P61586)

RPM Random Positioning Machine

RWV Rotating Wall Vessel

SERPINE1 Plasminigen activator inhibitor 1 (P05121)

TGFB1 Transforming growth factor -1 (P01137)

TGFBR1 Transforming growth factor beta receptor type 1 (P36897)

TGFBR3 Transforming growth factor beta receptor type 3 (Q03167)

TUBB Tubulin (3 (P07437)

VCAM1 Vascular cellular adhesion protein 1 (P19320)

VEGFA Vascular endothelial growth factor A (P15692)
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- Sascha Kopp*, Lasse Slumstrup?, Thomas J. Corydon?, Jayashree Sahana?,
- Ganna Aleshcheva*, Tawhidul Islam?, Nils E. Magnusson®, Markus Wehland*, Johann Bauer*,
Manfred Infanger! & Daniela Grimm?2

. Many cell types form three-dimensional aggregates (MCS; multicellular spheroids), when they are

- cultured under microgravity. MCS often resemble the organ, from which the cells have been derived.

. Inthis study we investigated human MCF-7 breast cancer cells aftera 2 h-, 4h-, 16 h-, 24 h- and

. 5d-exposure to a Random Positioning Machine (RPM) simulating microgravity. At 24 h few small

compact MCS were detectable, whereas after 5d many MCS were floating in the supernatant above

. the cells, remaining adherently (AD). The MCS resembled the ducts formed in vivo by human epithelial

. breast cells. In order to clarify the underlying mechanisms, we harvested MCS and AD cells separately

. from each RPM-culture and measured the expression of 29 selected genes with a known involvement in

: MCS formation. gPCR analyses indicated that cytoskeletal genes were unaltered in short-term samples.

. IL8, VEGFA, and FLT1 were upregulated in 2 h/4 h AD-cultures. The ACTB, TUBB, EZR, RDX, FN1, VEGFA,

. FLK1Casp9, Casp3, PRKCA mRNAs were downregulated in 5d-MCS-samples. ESRI was upregulated

 inAD, and PGR1 in both phenotypes after 5d. A pathway analysis revealed that the corresponding

. gene products are involved in organization and regulation of the cell shape, in cell tip formation and
membrane to membrane docking.

© Breast cancer is the second most common cancer worldwide with 1.7 million cases in 2012'. Advances in preven-
. tion, early diagnosis, surgical treatment and postsurgical therapies enhanced the possibility of a complete cure?.
: Known molecular targets (e.g. VEGF, VEGFR, HER2/neu) for approved drugs (e.g. tyrosine kinase inhibitors
- like sorafenib), or approved therapeutic antibodies (e.g. bevacizumab, ramucirumab, trastuzumab) are proteins,
: which are predominantly expressed in breast cancer cells and are simultaneously involved in promoting cell
. growth or apoptosis®. However, it is difficult at the current state of technology to apply the optimal cocktail of
. drugs to hit all cancer cells of any given patient. Under these circumstances, it is absolutely necessary to find new
. proteins, which can serve as targets to develop drugs against this cancer type.

: In earlier studies we proved repeatedly that exposing various cell types like thyroid cells, endothelial cells and
¢ chondrocytes to simulated microgravity (s-j.g) results in a scaffold-free production of three-dimensional (3D)
. aggregates so-called multicellular spheroids (MCS)>°. The MCS very often resemble the tissue, from which the
. cells have been derived. In case of cancer cells, the in vivo structure of tumors appears more closely represented
© by MCS than by monolayer cell cultures''-'. A proteomics investigation on thyroid cancer cells had shown that
: FTC-133 cells express surface proteins binding fibronectin which induces 3D cohesion®.
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: 2Department of Biomedicine, Aarhus University, DK-8000 Aarhus C, Denmark. 3Medical Research Laboratory,
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Vassy and coworkers were the first scientists who investigated MCF-7 human breast cancer cells exposed to
microgravity. When these cells came back from a Photon capsule mission, their cytoskeleton was changed'*. Later
Qian et al.'> demonstrated that culturing MCF-7 cells on a clinostat affected several cell features including cancer
cell migration and adhesion'®. Moreover, Li ef al. found that MCF-7 cells are sensitive to simulated microgravity
in regard to integrin expression and microtubule formation's. Furthermore, Zheng et al. reported a protective role
of the estrogen receptor on MCF-7 cells exposed to simulated microgravity'’.

Masiello et al. demonstrated 3D aggregates and adherently growing MDA-MB-231 breast cancer cells after
a24h- and 72h-RPM-exposure'®. These morhological differences were accompanied by changes in biological
processes such as proliferation and apoptosis as well as signaling pathways'.

In this study, we used the method of annulling gravity by a Random Positioning Machine (RPM) to find
alterations of the MCF-7 breast cancer cell growth behavior in concert with changes in the expression of selected
genes, playing a role in angiogenesis and tumor metastasis’, because the RPM not only prevents cell sedimenta-
tion, but also ensures a favorable environment for cell cultures, as the movements of the platforms enable suffi-
cient oxygen, nutrient and waste transport!*?°. We cultured the MCF-7 cell line on the RPM for 2h, 4h, 16 h, 24 h,
and 5d respectively to focus on short-term and long-term effects of simulated microgravity on breast cancer cells.
The cell line was derived from a pleural effusion of a patient with metastatic mammary carcinoma. It is described
to build up 3D-dome structures upon absolute confluence, which however remain attached to the bottom. In
addition, the cells retained breast cell common features like estrogen receptor and progesterone receptor?!.

After exposing the MCF-7 breast cancer cells to the RPM, cells which remained adherently to the bottom of
the culture dish (AD) and cells included in 3D aggregates were harvested separately. This different growth behav-
ior was also found in endothelial cells and thyroid cells®”'*?2. Morphology and gene expression patterns of AD
and MCS cells were analyzed in comparison to each other and to cells grown in a normal laboratory incubator as
1 ¢ (gravity)-controls. The principal aim of this study was to identify the underlying mechanisms of spheroid for-
mation, when human breast cancer cells were cultured under conditions of simulated microgravity on the RPM.
Using pathway analysis programs the interactions of genes and proteins were studied in detail.

Results

MCF-7 tumor cells form 3D aggregates by RPM-exposure. Short-term study. Phase contrast
microscopy revealed epithelial-like MCF-7 cells growing in monolayers under normal static 1 g-conditions
(Fig. 1A,C,E,G). MCF-7 cells are small and have a polygonal shape. MCF-7 cells exposed to the RPM for 2h, 4h,
and 16 h showed no three-dimensional growth and only an adherent phenotype (Fig. 1B,D,F), whereas after a
24h-RPM-exposure small compact round three-dimensional (3D) multicellular spheroids (MCS) were found
floating in the supernatant (Fig. 1H). Two phenotypes were now detectable — adherently growing MCEF-7 cells
(AD) and 3D MCS.

Long-term study. ~ After culturing MCF-7 cells on the RPM for 5 days (d) respectively, the cellular morphology
of the 1 g-cultures was not altered (Fig. 1I). After culturing MCF-7 cells for 5d on the RPM, two distinct cell
morphologies were clearly detectable. One AD cell population and another 3D growing population which had
detached from the bottom and built solid (Fig. 1], yellow arrow) and hollow, loose (Fig. 1], white arrow) 3D MCS.

These 3D aggregates were further investigated by histochemistry using hematoxylin-eosin (HE) and Periodic
Acid-Schiff (PAS) staining. Figure 2A shows normal HE-stained MCF-7 breast cancer cells. Figure 2B-D
show the typical glandular structure of MCS with a clear lumen. The breast cancer cells reveal an apical-basal
cell polarity. Whereas mechanisms of cell polarity are quite complex, the Par3(Bazooka)-Par6-aPKC pro-
tein complex plays an important role in the establishment and maintenance of apical-basal cell polarity?.
The Par3(Bazooka)-Par6-aPKC protein complex localizes to the apical membrane domain and promotes the
apical-membrane-domain identity. Here we determined the gene expression of the players of the complex and
found a down-regulation of PRKCI mRNA in 5d-MCS-samples compared to AD and 1 g-samples (Fig. 2E). The
PARD3, PARD6A and RhoA mRNAs were not significantly changed (Fig. 2F-H).

Changes of the cytoskeleton and associated proteins. In order to detect further changes of
the cell shape and the cytoskeleton, the cells had been fixed and stained for F-actin (visualized by means of
rhodamine-phalloidin staining) and 4’,6-diamidino-2-phenylindole (DAPI) staining after cultivation for 2 h, 4h,
16h and 24 h as well as for 5d on the RPM or under static 1 g-conditions (Fig. 3).

Short-term study. The cells appeared to be more evenly distributed under conditions of 1 g than after
RPM-exposure. The cell membrane structure was changed after a 2h-RPM-exposure (Fig. 3B). A membrane
blebbing (white arrows) was detectable in 2 h-RPM-samples, whereas no blebbing was found in corresponding
static 1 g-controls (Fig. 3A). Stress fibers were detectable after 4 h (yellow arrow) in the cell periphery in cells
exposed to the RPM in concert with a decreased membrane blebbing, but no changes were visible in control cells.
The stress fibers decreased with the duration of the experiment and were less prominent 16h and 24h. However,
the bundles of actin filaments were thin and did not show a long-range orientation. After 24 h culturing on the
RPM, cytoskeletal holes were visible (Fig. 3H, white arrow).

Long-term study.  5d 1 g-control cells showed a normal microfilament system with visible actin fibers, evenly dis-
tributed in the cells (Fig. 3I). In contrast, RPM-exposed adherent cells presented an accumulation of F-actin at the
cell boundaries (Fig. 3]). Some cells displayed pronounced holes (Fig. 3], white arrow) and stress fibers (Fig. 3],
yellow arrow), while their nuclei were intact. The MCS after 5d-exposure revealed solid aggregates of living cells
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Figure 1. Morphologic examination of the cells. Phase-contrast microscopy of MCF-7 breast cancer cells
cultured under normal static 1 g-conditions for 2h (A), 4h (C), 16h (E), 24h (G), 5d (I) and on the RPM for 2h
(B),4h (D), 16h (F), 24h (H) and 5d (J). Control samples of 5d (I) formed no MCS. Samples cultured for 5d on
the RPM (J) revealed cells that stayed adherently as a monolayer, and solid MCS (yellow arrow) as well as hollow
MCS (white arrow). Scale bar: 50 pm.

with an accumulation of F-actin towards the cell boundaries, but no distinct polymerization direction (Fig. 3K)
and MCS with a small lumen (Fig. 3, white arrow L).

Investigation of the underlying mechanisms of the phenotypical changes of the cells.  In order
to find the mechanisms for the transition of the cells from a 2D to a 3D kind of growth behavior, we selected 29
genes (Table 1), which code for proteins known to be involved either in regulation and maintaining cell structures
and shapes or in cell migration or in apoptosis®!®?* or were specific for female epithelial cells'”*!. A pathway
analysis revealed that aside from 3-tubulin (TUBB), the expression of the other 28 genes is mutually controlled
within the frame of a network (Fig. 4). The proteins coded by these genes consisted of 6 extracellular proteins,
6 membrane proteins, 15 cytoplasmic proteins and 2 nuclear proteins. They also form a network of regulation
which stretches from the outside, across the membranes towards the nucleus (Fig. 5). In order to see which influ-
ence an up- or down-regulation of a given gene could have on the rest of the network, we analysed the interaction
of the selected genes and determined how their up- and down-regulation is linked. Figure 4 gives an overview
on the status of regulation of the 29 genes determined by the PCR after 5d of culturing on the RPM and shown
in Figs 2 and 6-9. Blue background indicates down-regulation, red background shows up-regulation. The yellow
background refers to non-regulated genes. The lower part of each icon indicates the gene status in MCS cells,
whereas the upper part indicates the status of the gene in the AD cells. The green arrows indicate activating and
the red one inhibiting effects. The picture clearly indicates that the cytokine interleukin-8 (IL-8 or CXCL8) gene
influences the most of the neighboring genes and thus, may play a central role within this complicated network
of regulation. It is followed by FN1, VEGFA, ICAMI and Casp3 genes as we have seen in earlier studies on cells
exposed to the RPM". Of these genes IL-8 and Casp3 were only downregulated in MCS, whereas VEGFA and FN1
mRNAs were reduced in both populations.

Simulated microgravity on the RPM changes the gene expression and protein production
of cytoskeletal and of cytoskeleton-binding proteins. Short-term study. Genes associated with
the cytoskeleton such as 3-actin (ACTB), 3-tubulin (TUBB), cytokeratin-8 (KRTS), ezrin (EZR), and radixin
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Figure 2. Structural investigations of the MCS. (A-C) HE staining: (A) 5d, 1 g-control cells; (B,C) examples
of 3D MCS with glandular structures. Scale bar: 35 pm (D) PAS-stained MCS with apical-basal polarity of the
cancer cells. Scale bar 100 um (E) PRKCI gene-expression; (F) PARD3 gene-expression; (G) PARD6A gene
expression and (H) RhoA gene expression. *p < 0.05.

(RDX) mRNAs were not significantly changed after short-term incubation (2h, 4h, 16h and 24 h) on the RPM
(Fig. 6A-E). The moesin (MSN) mRNA was reduced at early time points, but was up-regulated after 24 h (Fig. 6F).

Long-term study. As compared to 1 g-control cells, the gene expression of ACTB after a 5d-cultivation on the
RPM revealed no changes in AD cells, while a significant down-regulation in MCS was measured compared to
AD and 1 g-samples (Fig. 6A). Taking a look at the corresponding proteins by Western blot analysis revealed
that the 3-actin protein content was increased in both phenotypes of 5d-RPM-samples compared to 1 g-controls
(Fig. 6G).

The TUBB gene expression presented a comparable picture to 3-actin. After 5d no changes were visible for AD
cells. However, MCS after 5d showed a significant down-regulation compared to 1 g-controls (Fig. 6B). Western
blot analyses revealed no changes in the protein content of RPM-exposed samples compared to their correspond-
ing controls (Fig. 6H).

The KRT8 gene expression was slightly elevated in 5d-AD-samples, but significantly down-regulated in MCS
compared to AD samples and not significantly changed compared to 1 g-controls (Fig. 6C). In addition, the
amount of pan-cytokeratin protein was enhanced after a 5d- culture on the RPM in both phenotypes in compar-
ison to 1 g-controls (Fig. 6I). The EZR gene expression of AD samples was not significantly changed compared to
the 1 g-control group (Fig. 6D), but MCS samples exhibited a decrease in EZR mRNA. No change was found in the
protein after 5d, respectively (Fig. 6]). The RDX gene expression in MCS after 5d was significantly down-regulated
(Fig. 6E). In addition, the protein content was decreased in AD cells after a 5d-exposure of MCF-7 cells on
the RPM as compared to MCS and 1 g-controls (Fig. 6K). The MSN gene expression after 5d was significantly
down-regulated in AD and MCS cells compared to the 1 g-controls (Fig. 6F).

Cultivation of MCF-7 cells on the RPM induces changes in the extracellular matrix.  Short-term
study. 1In this study we investigated the expression of extracellular matrix (ECM) proteins. The laminin o
3 (LAMA3) gene expression was unaltered in cells exposed for 2h, 4h and 16 h to the RPM. In addition, the
LAMA3 mRNA was significantly elevated in MCS compared to 1g- and AD-samples after 24 h (Fig. 7A). The
fibronectin (FN1) mRNA is decreased after a 2h-RPM-exposure compared to 1 g-samples, but remained unalterd
at the other short-term time points (Fig. 7B).

Levels of integrin-(3, (IGTBI) transcripts of AD cells were slightly elevated compared to 1 g-samples after 2 h,
then significantly up-regulated after 4h, and then unaltered after a 16 h-RPM-exposure (Fig. 7C). After 24 h, the
ITGB1 mRNA was down-regulated in MCS compared to AD and 1g (Fig. 7C).

The ECM protein collagen type 4 (COL4A5) mRNA was not significantly altered under all conditions
(Fig. 7D). The gene expression of intercellular adhesion molecule 1 (ICAM1) was significantly down-regulated in
both RPM-cultures after a 24 h-RPM exposure (Fig. 7E).

The neutrophil gelatinase-associated lipocalin (NGAL) secretion was significantly decreased after 4h and 24h
of incubation on the RPM compared to 1 g (Fig. 7K). The release of NGAL was below the detection level of the
technique after 2h of incubation of the MCF-7 cells on the RPM.
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Figure 3. F-actin cytoskeleton. Confocal laser scanning microscopy of rhodamine-phalloidin stained MCF-7
cells after a 2h-, 4h-, 16 h-, 24 h- and 5d-RPM-exposure and corresponding 1 g-control cells. (A) 2h 1g (B) 2h
RPM-culture, white arrow indicated membrane blebbing; (C) 4h 1g; (D) 4h RPM-culture, the white arrow
indicated membrane bleebing, the yellow arrow shows stress fibers; (E) 16 h 1g; (F) 16h RPM-culture, the
yellow arrow shows stress fibers, the white arrow presents cytoskeletal holes; (G) 24h 1g; (H) 24h RPM-culture,
the white arrow indicates cytoskeletal holes; (I) 5d, 1 g; (J) 5d RPM AD cells, the white arrow indicates holes, the
yellow arrows show stress fibers; (K,L) 5 d RPM MCS, the white arrow indicates a glandular structure. Scale bar:
20 pm; blue staining: DAPI highlights the nucleus; red staining: rhodamine-phalloidin to visualize the F-actin.

Long-term study. The LAMA3 mRNA was decreased in AD compared to MCS and 1 g-samples after a
5d-RPM-exposure (Fig. 7A). The amount of laminin protein was elevated in AD cells and significantly reduced to
the 1 g-level in MCS (Fig. 7H). The FNI expression was significantly down-regulated after a 5d-RPM-exposure in
AD cells and in MCS (Fig. 7B). In contrast, the amount of fibronectin protein was decreased in AD cells after 5d.
However, MCS showed an normalization of the protein synthesis like 1 g-samples (Fig. 71).

Concerning the gene expression of ITGBI, there was a slight down-regulation visible after 5d and a further
decrease in MCS cells compared to 1 g-samples (Fig. 7C). Determination of the protein content showed that MCS
cells exhibited a significant decrease in (3,-integrin protein compared to AD samples (Fig. 7]). The gene expression
of the extracellular matrix protein Col4A5 was not significantly changed after a 5d-RPM exposure (Fig. 7D). In
addition, the ICAM1 gene expression was not altered after 5d (Fig. 7E). Moreover, the Ngal gene expression was
not remarkably changed after a 5d-RPM-exposure (Fig. 7F). In addition, the release of NGAL protein into the
supernatant was significantly decreased in RPM-exposed samples compared to the 1 g-controls after 5d (Fig. 7K).
Furthermore, CD44 was not significantly changed after 5 days. AD cells presented a tendency to elevate the
expression (Fig. 7G).

Vascular endothelial growth factor signalling pathway molecules are altered by simulated
microgravity. Shori-term study. Both genes, vascular endothelial growth factor A (VEGFA) and its recep-
tor vascular endothelial growth factor receptor 1 or fms related tyrosine kinase 1 (FLTI) were significantly
up-regulated after a 2h-incubation on the RPM (Fig. 8A,B), while the vascular endothelial growth factor recep-
tor 2 or fetal liver kinase 1 (FLKI) mRNA was unchanged at all short-term time points (Fig. 8C). The VEGFA
and FLT1 mRNAs were still significantly up-regulated after a 4h-RPM-exposure. Interestingly later after 16h we
detected a down-regulated VEGFA mRNA in AD samples and after 24 h in both AD and MCS samples (Fig. 8A).
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S 185-F GGAGCCTGCGGCTTAATTT
18SR CAACTAAGAACGGCCATGCA
ACTB-F TGCCGACAGGATGCAGAAG
ACTB ACTBR GCCGATCCACACGGAGTACT
Casp3 Casp3-F AACTGCTCCTTTTGCTGTGATCT
Casp3-R GCAGCAAACCTCAGGGAAAC
o Casp9-F CTCCAACATCGACTGTGAGAAGTT
Casp9-R GCGCCAGCTCCAGCAA
hCD#4-F ACCCTCCCCTCATTCACCAT
b hCD44-R GTTGTACTACTAGGAGTTGCCTGGATT
Col4A5-F GGTACCTGTAACTACTATGCCAACTCCTA
ColaAs Col4A5-R CGGCTAATTCGTGTCCTCAAG
ERK1-F ACCTGCGACCTTAAGATTTGTGA
ERKI ERKI-R AGCCACATACTCCGTCAGGAA
ERK2-F TTCCAACCTGCTGCTCAACA
ERK2 ERK2-R TCTGTCAGGAACCCTGTGTGAT
ESRI-F TTCAAGAGAAGTATTCAAGGACATAACG
ESR ESRIR TCGTATCCCACCTTTCATCATTC
EZRF GCAATCCAGCCAAATACAACTG
EZR EZRR CCACATAGTGGAGGCCAAAGTAC
hFLKI-F TCTTCTGGCTACTTCTTGTCATCATC
FLKI hFLKI-R GATGGACAAGTAGCCTGTCTTCAGT
FLT1-F CCCTCGCCGGAAGTTGTAT
FLI FLTI-R GATAATTAACGAGTAGCCACGAGTCAA
FN-F AGATCTACCTGTACACCTTGAATGACA
FNT FN-R CATGATACCAGCAAGGAATTGG
ICAM1-F CGGCTGACGTGTGCAGTAAT
feamt ICAMI-R CTTCTGAGACCTCTGGCTTCGT
IL8-F TGGCAGCCTTCCTGATTTCT
18 IL8R GGGTGGAAAGGTTTGGAGTATG
ITGBI-F GAAAACAGCGCATATCTGGAAATT
IrGB1 ITGBI-R CAGCCAATCAGTGATCCACAA
KRTS-F GATCTCTGAGATGAACCGGAACA
KRTS KRT8-R GCTCGGCATCTGCAATGG
LAMA3-F AAAGCAAGAAGTCAGTCCAGC
LAMA3 LAMA3R TCCCATGAAGACCATCTCGG
MSN-F GAAATTTGTCATCAAGCCCATTG
MSN MSN-R CCATGCACAAGGCCAAGAT
NGAL-F AGGGAGTACTTCAAGATCACCCTCTA
NGAL NGAL-R AGAGATTTGGAGAAGCGGATGA
PARD3-F TACAGTGGGATTGAGGGGCT
PARDS PARD3-R GCTGGTATTTACCTGACTCACC
. PARDGA-F ATACGGATGCTCATGGCGAC
PARDGA-R GTCAGCTTCTGCCCGCTTCT
AKTL-F CTTCTATGGCGCTGAGATTGTG
PKB AKTI-R CAGCATGAGGTTCTCCAGCTT
PKC-F CATTCAACAGCTGGGCAAGTT
pre PKCR GTAGATGATGCCCTGATTGTGAAG
PGRF GTGGGAGCTGTAAGGTCTTCTTTAAGA
PR PGRR TGACAGCACTTTCTAAGGCGACA
PRKCI-F GTGTAAGGAAGGATTACGGCCA
PRCT PRKCI-R GCCCACCAGTCAACACTGAA
RDX-F GAAAATGCCGAAACCAATCAA
RDX RDX-R GTATTGGGCTGAATGGCAAATT
RhoA-F CGTTAGTCCACGGTCTGGTC
Rhod RhoA-R GCCATTGCTCAGGCAACGAA
Continued
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TUBB-F CTGGACCGCATCTCTGTGTACTAC
TUBB TUBB-R GACCTGAGCGAACAGAGTCCAT
VEGFA-F GCGCTGATAGACATCCATGAAC
VEGEA VEGFA-R CTACCTCCACCATGCCAAGTG

Table 1. Primers used for qRT-PCR.

Figure 4. Mutual interaction of selected genes at gene expression level. 29 selected genes, whose up- or
downregulation were analysed by qRT-PCR after 5d of culturing on the RPM and shown in Figs 2 and 6-9. Blue
background indicates down-regulation, red background shows up-regulation. The yellow background refers to
non-regulated genes. The lower part of each icon indicates the gene status in MCS cells, whereas the upper part
indicates the status of the gene in the AD cells. The green arrows indicate activating and the red one inhibiting
effects. The interaction network was built up using Elsevier Pathway Studio v.11.

!

Figure 5. Mutual interaction and localization of proteins coded by the 29 selected genes. The green arrows
indicate activating and the red one inhibiting effects. The interaction network was built up using Elsevier
Pathway Studio v.11.
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Figure 6. Quantitative alterations of gene expression and protein content of cytoskeletal and associated
proteins: Genes. ACTB (A) 2h, 4h, 16h, 24h and 5d RPM-experiments. TUBB (B) 2h, 4h, 16 h, 24h and 5d
RPM-experiments. KRT8 (C) 2h, 4h, 16h, 24h and 5d RPM- experiments. EZR (D) 2h,4h, 16h,24h and 5d
RPM-experiments. RDX (E) 2h, 4h, 16 h, 24h and 5d RPM-experiments. MSN (F) 2h, 4h, 16h, 24h and 5d
RPM-experiments. Proteins of 5d-experiments: 5d 3-actin (G); 5d 3-tubulin (H); 5d cytokeratin (I); 5d Ezrin
(J) 5d Radixin (K); *p < 0.05.

The amount of secreted VEGF protein was measured in the cell culture supernatants of 1g¢- and
RPM-experiments by time resolved immunofluorometric assays (TRIFMA). The results showed that the amount
of VEGF protein was significantly decreased in RPM-cultures compared to 1 g-controls after a 4 h-RPM-exposure
(Fig. 8]). There was no difference between 1 g- and RPM-cultures after 24h. However, comparing the VEGF levels
in s-pg after 4h and 24 h against each other, a significant lower level after 24 h could be observed.
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Figure 7. Quantitative alterations of gene expression and protein content of extracellular matrix and
associated proteins: Genes. LAMA3 (A) 2h, 4h, 16h, 24h and 5d RPM-experiments. FNI1 (B) 2h, 4h, 16h,
24h and 5d RPM-experiments. ITGBI (C) 2h, 4h, 16h, 24h and 5d RPM-experiments. Col4A5 (D) 2h, 4h,
16h, 24h and 5d RPM-experiments. ICAM1I (E) 2h, 4h, 16 h, 24h and 5d RPM-experiments. Ngal (F) 5d RPM-
experiment. CD44 (G) 5d RPM-experiment. Proteins: 5d laminin (H); 5d fibronectin (I); 5d integrin-3-1 (J).
NGAL release (K) 4h, 24h and 5d. *p < 0.05.

Long-term study. 'The gene expression of VEGFA was significantly down-regulated after 5d of culturing MCF-7
cells on the RPM (Fig. 8A). This is in concert with the VEGF protein release in the supernatant as measured by
TRIFMA. The release of VEGF protein was significantly lower in RPM-samples compared to corresponding static
1 g-controls (Fig. 8]). The Western blot analysis revealed no significant change in AD cells, but a slight elevation
of VEGF protein in MCS compared to 1 g-cultures (Fig. 8K).

The gene FLK1 was significantly down-regulated after 5d in both cell populations (Fig. 8C). In contrast to
FLK1, the FLT1 mRNA was not altered in cells cultured on the RPM at this time point (Fig. 8B).
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Figure 8. Quantitative alterations of gene expression and protein content of VEGF signalling pathway
molecules: Genes. VEGFA (A) 2h, 4h, 16h, 24h and 5d RPM-experiments. FLT1 (B) 2h, 4h, 16h, 24h and 5d
RPM-experiments. FLK1 (C) 2h, 4h, 16h, 24h and 5d RPM- experiments. Akt1 (D) 5d. Casp9 (E) 5d. Casp3 (F)
5d. PKC (G) 5d. ERK1 (H) 5d. ERK2 (I) 5d. Proteins: VEGF release in the supernatant (J) 4h, 24h and 5d; 5d
VEGEF protein content (K). *p < 0.05.

The threonine-protein kinase (aktI or PKB) gene coding for a signaling cascade molecule was unaltered after
5d of cultivation on the RPM (Fig. 8D).

The caspase-9 (Casp9) gene expression was significantly down-regulated in MCF-7 cells after RPM-exposure
compared to 1 g-controls (Fig. 8E). In contrast to caspase-9, the caspase-3 (Casp3) gene expression was signifi-
cantly down-regulated only in MCS after 5d (Fig. 8F). The gene expression of protein kinase C (PKC or PRKCA)
was significantly down-regulated in both cell populations after 5d compared to their corresponding 1 g-controls
(Fig. 8G).

The extracellular-signal regulated kinase (Erk)-1 (Fig. 8H) and Erk-2 (Fig. 8I) presented a similar behavior
after RPM-exposure. After 5d only the AD cell populations exhibited a significantly down-regulated expression
of Erk-1, the other groups showed a slight decrease compared to 1 g-controls (Fig. 8H,I).

RPM-exposure induces expression changes of interleukin-8, estrogen- and progesterone
receptors. The cytokine interleukin-8 (IL8) gene expression was not altered in AD, but slightly decreased in
MCS cells on the RPM after 5d (Fig. 9A). After 2h and 4h a clear up-regulation of the IL8 gene was detectable in
AD RPM-cultures. After 16 h this elevation was attenuated again to the normal 1 g-level. In 24 h-samples MCS
exhibited an up-regulated IL8 mRNA compared to AD and 1 g-samples (Fig. 9A).

The estrogen receptor (ESRI) expression was unchanged in all short-term samples, but was up-regulated after
5 days in AD cells. In MCS the ESRI mRNA was unaltered (Fig. 9B). The progesterone receptor (PGRI) expres-
sion was significantly up-regulated in both AD cells as well as in MCS cells after 5 days (Fig. 9C).
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www.nature.com/scientificreports/

A 0, = B a0,
| — c * *
& 250 * “ 2 250 fdm 0
8= : — 8=
§§2m~ — £ 8 200 -
e
§315{1- §3150-
- -
co 1 g o
SN B R I 301 | l I I
o ] x 1
o 50 i a 50
[ 0o A
2h 2h 4h 4h 16h 16h 24h 24h 24h 5d 5d 5d 2h 2h 4h 4h 24h 24h 24h 54 5d 5d
1g AD 1g AD 1g AD 1g AD MCS 1g AD MCS 1g AD 1g AD 1g AD MCS 1g AD MCS
*
| —
C sw, —
s
E:25{1-
£ 80
35
v 8 150 1
@ 0
Egmo I
§ 50
o4
54 54 5d

1ig AD McCS

Figure 9. Quantitative alterations of gene expression of cytokines and hormone receptors: Genes. IL8 (A)
2h,4h, 16h, 24h and 5d RPM-experiments. ESRI (B) 2h, 4h, 16 h, 24 h and 5d RPM-experiments. PGR1 (C)
5d RPM-experiments. *p < 0.05.

Discussion

In this study we used simulated microgravity conditions created by the RPM for 3D tissue engineering of MCS
and investigated the underlying mechanisms for a scaffold-free 3D growth behaviour of human breast cancer
cells. Under normal laboratory conditions single cancer cells grow as monolayers. If sophisticated methods of
tissue engineering are applied, MCS can be obtained which resemble the original, individual tumor more closely
than corresponding cell monolayers*’. Most interesting are methods of tissue engineering, which do not need
scaffolds exerting unfavorable side-effects?»**. A suitable method to trigger the formation of MCS is culturing
cells under microgravity conditions which is best provided by space missions®?. Space research such as human
space exploration and research applying simulated microgravity using ground-based facilities have increased our
knowledge in cellular and molecular biology and given us new insights into the behavior of human cells under
altered gravity conditions'*>*”?%. Devices simulating microgravity allow performing rather effective scaffold-free
tissue engineering experiments in a much cheaper way and with a higher throughput!*?2. It has been observed
that normal and human thyroid cells grew in form of an adherent monolayer and as 3D aggregates’. This obser-
vation is in concert with results obtained by others as well as by our group. For example, when cultured on the
RPM endothelial cells, murine osteoblasts and human breast cancer cells split into two populations with different
phenotypes, respectively'®2>3°. To explain this special behavior the non-equilibrium thermodynamics theory
will be discussed. The non-equilibrium thermodynamics or birfurcation theory is describing the direct action of
gravity on single cells®*2,

Biochemical reactions catalyzed by enzymes and controlled by feedback mechanisms in the organism are
nonlinear and far away from an equilibrium. Therefore, a cell may answer unexpectedly to changed conditions of
the cellular microenvironment. The key elements of a reaction remain constant and they can react with a known
phase, frequency or amplitude. This crossroad or bifurcation system is depending on the microenvironment*"2,
Microgravity can influence the cell to react in a different way compared with cells cultured under static normal
1 g-conditions. A large number of publications of studies performed in simulated and real microgravity in space
have shown that different kinds of cells exhibit dramatic changes after microgravity-exposure?>,

Since a long time scientists observed changes in a variety of cellular biological processes, such as apoptosis or
angiogenesis. The cells showed changes in cell morphology, growth behavior, proliferation, differentiation, cell
adhesion, extracellular matrix, among others*°.

Furthermore, it is known that microgravity induces alterations in the cytoskeleton®*#3?. These cytoskeletal
changes occur early as shown by parabolic flight maneuvers**#!. In addition, alterations in the actin cytoskele-
ton have been detected in space-flown xenopus embryonic muscle cells which exhibited marked changes in the
distribution and organization of actin filaments*2. These alterations of the actin cytoskeleton and microtubules
are accompanied by changes of the shape of the cells*>-*. This could already be seen after a 2h-RPM exposure
(Fig. 3). F-actin staining showed that AD cells on the RPM exhibited a membrane blebbing and at later time
points stress fibers. After 24h and 5d AD cells exhibited holes in the actin cytoskeleton. The cytoskeleton is
sensing changes in gravity, and thus it is influencing signalling pathways** and gene expression as well as protein
synthesis and secretion®. Therefore, a variety of signaling processes such as cellular metabolism, proliferation,
differentiation are changed when cells are cultured under altered gravity conditions?>404,

Real and simulated microgravity can directly or indirectly influence a cell?”*6. Human cells are able to react to
environmental changes. When, for example, cells are cultured on agarose in 96-well plates normal adherent cells
grow in form of multicellular spheroids*” Under hypoxia or irradiation the cells will become apoptotic*. Altered

SCIENTIFICREPORTS | 6:26887 | DOI: 10.1038/srep26887 11



www.nature.com/scientificreports/

gravity conditions have shown to influence gene expression, protein synthesis and the release of proteins in the
cell supernatant in space®.

Changes in shape, cytoskeleton disruption, differential gene expression or altered protein synthesis/secretion
cannot be only explained by considering changes in microenvironmental biophysical parameters. Gravitation
might influence some general properties of the cells and thus acting “directly” as an organizing field parameter*.
According to the non-equilibrium theory*’ murine osteoblasts and breast cancer cells underwent a transition
after a bifurcation point to new phenotypic configurations'®*. It is known for several cell types such as thyroid
cancer cells, endothelial cells or chondrocytes that real and simulated microgravity induces two forms of growth,
such as adherently growing cells and cells growing in form of 3D spheroids®®!1>?*%, It has been demonstrated that
some of the endothelial cells grown on the RPM form tubular intima-like structures***!. In this paper the MCF-7
cells grew adherently after RPM-exposure and also in form of 3D aggregates after 24 h and showed gland-like
structures after 5d as demonstrated in Fig. 2 by histochemical staining. The cells show an apical-basal polarity. To
establish cell polarity, the MCF-7 cells have to interact with the surrounding medium, their neighbor cells and the
ECM. Two main events are necessary for the development of 3D glandular structures. First the communication
of the cells to the ECM and second the formation of a lumen. This might be possible with the interaction of inte-
grins with laminin, which is like collagen type IV a constituent of the basement membrane. Both are known to
efficiently induce the polarization of epithelial cells®*~>* We measured an increase in LAMA3 gene expression after
24h in MCS (Fig. 8A) and after 5d an up-regulation of LAMA3 in MCS compared with AD. This finding indicates
that laminin may be involved in producing apical-basal polarity and the development of glandular structures.
Collagen type IV was not significantly changed during all selected time points. Future investigations are necessary
to study this process in more detail.

In this study, a few compact small aggregates had been detected in 24h-RPM-cultures. This process starts after
16 h of RPM-exposure. MCF-7 cells appear to be very sensitive to RPM-exposure. A 24h-period of microgravity
is sufficient to induce a multitude of adaptive mechanisms inside the cells®. Similar to breast cancer cells (Fig. 1),
two cell populations of FT'C-133 thyroid cancer cells could be detected in RPM cultures: 2D growing adher-
ent cells and floating 3D spheroids. Both populations exhibited a different growth behavior and signaling. Most
interestingly, the adherent cells showed the highest rate of apoptosis and the most prominent gene expression of
NF-kB, while the genomic profile of MCS cells appeared closer to that of 1 g-control cells than AD cells®. Similar
results were found for endothelial cells**.

A microgravity-dependent inhibition of cancer cell proliferation, migration, and survival was found in MCF-7
cells and poorly differentiated follicular thyroid cancer cells'>!3%%, This effect is cell type-dependent. For example
chondrocytes reveal a decrease in apoptosis after simulated microgravity-exposure as well as fetal fibroblasts®®*”.
As already mentioned, MDA-MB-231 breast cancer cells exposed to the RPM also revealed two distinct pheno-
types after 24 h'8. A similar finding was observed in osteoblasts and chondrocytes cultured in microgravity*®.
This could be confirmed for MCEF-7 breast cancer cells in this study. Moreover, we detected glandular structures
which were only detected in long-term cultures. The first phenotype remained adherent to the cell culture flask
as shown in Fig. 1. These cells exhibited a similar morphology as the 1 g-control cells. The second phenotype had
detached from the bottom and was growing in form of 3D spheroids floating in the supernatant as earlier shown
for thyroid cancer cells after RPM- or clinostat-exposure®”!%4. In this study, we investigated the F-actin cytoskel-
eton and the expression of genes coding for proteins which might be involved in the perception of gravity and
the formation of MCS®-1%2*, Between 16 h and 24h MCF-7 cells started to form small round 3D aggregates. We
could show for the first time that a part of the MCF-7 cells exhibited duct-like MCS after 5d on the RPM. These
structures seemed to resemble a gland-like appearance to be found in mammary glands known as alveoli which
align in lobules®. Before, we had repeatedly observed that cell populations split on the RPM into one subpopu-
lation staying adherent to the bottom of the culture dish and another population, which had detached from the
bottom and built up MCS (Figs 1-3)”°°. However, only healthy cells like the chondrocytes or the endothelial cells
formed structures resembling the original cartilage tissue or the blood vessel intima, respectively®*!, while cultur-
ing de-differentiated human thyroid cancer cells always led to rounded spheres>”®. The gland-like appearance of
MCS formed by MCF-7 cells might be due to a high differentiation status of the MCEF-7 cells, which still express
estrogen and progesterone receptors!”?!. Moreover, other studies suggested that simulated microgravity enacts
the reversion of the neoplastic phenotype of lung cancer stem cells®. This is supported by studies investigating
cancer cells in a different tissue environment. This model of tumor reversion has demonstrated a clinical benefit
in hematological malignancies. These cells show a shift from a neopalstic toward a normal phenotype®'. Cell
morphology of cells growing as monolayer in 1 g-cultures is different from those observed in tissue and organs.
The shape of the cells is influenceing cell growth, cell metabolism as well as gene expression and thus, this might
explain the differences in the gene expression of AD and MCS cells®*.

In addition, it was described that either induced by drugs or by fibroblasts, MCF-7 may adopt almost normal
biochemical characteristics and form nodules®*¢%. Moreover, a possible microgravity-dependent change in the
cellular differentiation of the cells was suggested by the results obtained after dedifferentiated thyroid cancer had
been flown on the Shenzhou-8 spaceflight?.

Although the expression of estrogen receptors is a marker of the high-differentiation status of the MCF-7
cells, their presence may promote breast cancer proliferation under some circumstances®. However, the simul-
taneous presence of the progesteron receptor often attenuates the proliferative action of the estrogen receptor
switching a tumor cell to a more differentiated state®. We found an up-regulation of the ESR1 gene expression
in AD cells after a 5d-RPM-exposure. The ESRI gene remained unchanged during the short-term study. The
expression of PGRI was up-regulated in both phenotypes of 5d-RPM-samples (Fig. 9). The up-regulation of
both hormone receptors is transient like the production of caspase-3 in thyroid cells*’. An upregulation of PGRI
genes in MCF-7 MCS and AD cells seem not to influence the fibronectin promoter like in fibroblasts%. FNI was
down-regulated after 5d in AD and MCS, which could be a cause that also kinase insert domain receptor (KDR)
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gene is down-regulated in AD and MCS, because its gene status is under the positive influence of FNI as shown
in Fig. 4 and described in the literature®-7>.

Interestingly, according to the Elsevier Pathway Studio analysis FNI, KDR, and ICAM1 genes code for pro-
teins which are members of a signalling pathway that regulates the shape of the cells, while MSN-RDX-proteins
and ICAM1-MSN-proteins together with EZR, respectively, participate in triggering tip formation of cells and
membrane to membrane docking. Cell shape changes and renewed membrane to membrane docking can clearly
be seen in Figs 1, 2 and 3.

It is known that cancer cells actively remodel their ECM and that the cell adhesion molecule fibronectin is
important for survival signaling, progression and metastasis in breast cancer cells”. Thyroid cancer cells (FTC-
133 cell line) express surface proteins that bind fibronectin, strengthening the 3D cell cohesion®. The moesin gene
is regulated like FNI (Figs 6F and 7B). This parallel regulation may be due to miR-200c, which can target FN1I as
well as MSN”®. Ezrin, radixin and moesin belong to the ERM protein family and connect the plasma membrane
with the actin cytoskeleton and are therefore of high interest to be part of the external signal transport into the
cell’s. The ERM proteins are strongly associated with ICAM17778. A suppression of ERM proteins resulted in a
destruction of cell-cell and cell-substrate adhesion, while an overexpression enhanced cell adhesion’®. Hence, the
decreased expression of ERM genes after a 5d-exposure might be a reason for the detachment of the cells and the
undefined appearance of the MCS.

This transition process is accompanied by a rearrangement of the actin (Fig. 3) as it has been shown earlier
in spaceflight-MCF-7-samples'. In this study, the 1 g-control cells presented visible filaments, like it was seen in
endothelial cells and thyroid cells. In duct-like MCS the actin filament systems of the MCF-7 cells is more similar
to actin filament systems of tubes formed by EAhy cells than to that formed by thyroid cancer cells*¥’. Actin as
well as tubulin and keratin are major parts in the cytoskeleton bearing different functions and are thought to be
critical for the perception and forwarding of external chemical and physical signals like the gravity force*.

Gravity is known to influence directly or indirectly the behavior of cells*®. It follows nonequilibrium dynamic
rules?. A nonequilibrium reaction influenced by gravity in living cells is represented by the dynamices of the
cytoskeleton, by shape and differentiation of the cells*. Epithelial cell migration is regulated by three major sig-
naling nodes, 3-catenin, integrin-3, and actin’®. Many of these genes are involved in cell-cell and cell-matrix
adhesion through regulation of the actin cytoskeleton and EGFR signaling”.

MCEF-7 cells exposed to the RPM for 2h, 4h, 16 h and 24 h exhibited no changes in the gene expression of
cytoskeletal genes. In contrast, we found 3-actin and 3-tubulin genes in MCS to be significantly down-regulated
after 5d. Simultaneously, the amount of 3-actin protein was elevated in AD and MCS cells after 5d, while equal
amounts of tubulin were found in all measurements. In addition, KRT8, which is a luminar marker®’, was equally
expressed after 5d of cultivation on the RPM as in 1 g-controls. Densitomertric analyses revealed a higher content
of keratin 8 (subunit 46 kDa) in AD and MCS after 5d compared to their corresponding 1 g-controls. Moreover,
up-regulation in 3-actin gene expression had also been found for human thyroid cells cultured on the RPM for
7 and 14 days’. However, a direct mutual influence of these three cytoskeletal proteins could not be seen on the
gene nor on the protein level.

Integrins are known to crosslink with ICAM1 and co-localizes with moesin in microvilli in endothelial cells®..
By this, the small GTPase RhoA is activated which induces the production of stress fibers and the up-regulation of
the rhoA gene®. We found ITGBI up-regulated in 4h-AD-samples. Later ITGBI was significantly down-regulated
in 24h-MCS and then non-significantly down-regulated after 5d in RPM-samples as in 1 g-samples. The densi-
tomertric analyses presented a slight decrease in integrin-@3, protein after 5 days. Integrin- 3, is a membrane pro-
tein, linking to the extracellular matrix with the cytoskeleton and is capable of transmitting signals®®. Primarily
found in focal adhesions it is described to be pivotal to activate signalling pathways which lead to differenti-
ation, angiogenesis, proliferation and cytoskeleton rearrangements among others®!. Our findings suggest that
integrin-3; is involved in the detachment of the cells from the culture flask. The ECM is also involved in tissue
polarity and architecture. Integrin-3, maintains this polarity in the mammary gland®. The integrins’ extracellular
interaction with the ECM and intracellular interactions with the cellular cytoskeleton, are examples of cellular
mechano-transducers®.

It has been shown that an abnormal ECM promotes the formation of a tumor microenvironment and plays
arole in tumor angiogenesis. ECM components are involved in vessel formation and ECM fragments deriving
from collagen type IV and others can influence angiogenesis. They interact with angiogenesis signaling factors
including VEGF to initiate vascular branching®.

In this study, the expression and release of VEGF after a 4h-, 24h- and 5d-RPM-exposure was significantly
reduced compared to the corresponding controls. This is in concert to previous experiments using thyroid cancer
cells which presented a decrease in VEGE, however, experiments using endothelial cells presented an upregula-
tion of VEGF!'*¢°08_Tts signaling pathways control survival, proliferation, and migration and actin reorgani-
zation among others®”. Their interruptions may have beneficial effects to cancer patients®s. VEGFR1 expression
was not altered, while VEGFR2 presented a down-regulation in both 5-day-populations. This suggests that the
VEGFR?2 is the more important VEGF receptor, when MCE-7 cells react to microgravity. Binding of VEGF to
VEGER activates MAPK and Akt1 pathway which are responsible to control proliferation and survival®. AktI
gene expression was not altered after a 5-day-exposure, however, the downstream signalling molecules caspase-9
and caspase-3 were significantly down-regulated which can hint to a higher survival rate as less protein was pro-
duced. This finding indicates a higher survival rate of adherent cells compared to the cells accumulated to MCS.
The MAPK/ERK pathway inherits PRKCA and downstream ERK1/ERK2 controlling proliferation among others.
PRKCA as well as ERK1 were down-regulated after 5 days on the RPM. Taken together, the VEGF-dependent
pathways do not seem to be the dominant driving force, when MCF-7 cells transit from the 2D to 3D kind of
growth.
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Instead of VEGFA, IL-8 could be a potential key-player, as it is capable of acting on a variety of different cell
types while being elevated in some tumour types* (Fig. 4). IL-8 expression is associated with a higher invasive-
ness potential of breast cancer cells in vitro, proposing IL-8 as a novel marker of tumor aggressiveness®.

IL-8 is involved in 3D-aggregate-formation in thyroid cancer cells¥. In this study, we found the IL8 gene expression
to be elevated after 2h and 4h in RPM-exposed adherent cells, then after 24h up-regulated in MCS, but later unaltered
in AD and slightly decreased in MCS after a 5d-exposure. IL-8 has recently been shown to modulate breast cancer
invasion and angiogenesis®'. Further studies will be performed to increase our knowledge of its role in 3D formation.

Also the RhoA gene expression does not seem to be involved in the alteration of growth of MCF-7 cells,
because its gene was unaltered as compared to the 1 g-controls after a 5-RPM-exposure. Further experiments are
required to descramble the network of regulation of genes and proteins triggering MCS formation in MCF-7 cells.

Conclusion

The exposure of human cells to simulated microgravity conditions created by an RPM has an enormous influ-
ence on their morphology and biology. It seems, that upon cultivation on the RPM the cells transform from
monolayer into their in vivo typical 3D tissues. The formation of multicellular spheroids of MCF-7 breast can-
cer cells after RPM-exposure starting between 16 and 24 h is an important finding. After a 5d-RPM-exposure
glandular structures are visible. In this process, disconnecting and reconnecting cell-cell connections as well
as a strong regulation of the cell shape appear important. It has to be clarified in the future, whether gravity
influences human cancer cells directly or indirectly. The non-equilibrium theory may explain how the cytoskel-
eton is sensitive enough to sense gravity changes, and induces the transfer of the mechano-signal into biochem-
ical pathways*®. Recently, it was shown that during a rocket flight and a parabolic flight live cell imaging of
LifeAct-GFP-transfected thyroid cancer cells revealed significant alterations of the cytoskeleton related to micro-
gravity®2. Life-cell imaging during microgravity proved early changes in the actin cytoskeleton in real micrograv-
ity, which was described earlier on fixed cells.

Future investigations, using additional growth factors for histological and functional investigations, will show,
if cultivation of normal breast cells on the RPM can produce functionally active breast tissues. Furthermore,
impending studies should further investigate the possiblity of using fibronectin and IL8 as novel future targets in
the treatment of breast cancer.

Methods

Cell culture. MCF-7 human breast adenocarcinoma cells were purchased from the American Type Culture
Collection (MCF7 (ATCC® HTB-22™)) and cultivated in RPMI 1640 (Life Technologies, Naerum, Denmark)
medium supplemented with 10% fetal calf serum (FCS) (Biochrom AG, Berlin, Germany) and 1% penicillin/
streptomycin (Life Technologies) and maintained under standard cell culture conditions at 37 °C and 5% CO,. One
day prior to the RPM experiment, 1 X 10° cells were counted and seeded into T25 cm? vented cell culture flasks
(Sarstedt, Newton, USA) or 2.5 x 10° cells were seeded into slide flasks (Thermo Scientific, Roskilde, Denmark) for
F-actin cytoskeleton investigations. Each flask was completely filled with medium, taking care that no air bubbles
remained in the cell culture flasks. The flasks were installed on the centre plate of the RPM and run for 2h (n=30),
4h (n=30), 16 h (n=30), 24h (n=30) and 5d (n = 30) respectively using the real random mode. 1 g-static con-
trols were prepared in parallel (n =30 each group) and stored next to the device in the same incubator.

After each time point the cells were investigated by phase contrast microscopy and photographed. The super-
natant was collected and centrifuged at 4 °C to collect the MCS. After centrifugation the supernatant was collected
for cytokine investigation on ice and then frozen at —20°C. The MCS were collected and stored in liquid nitrogen.

For harvesting the adherent cells, 5 ml of ice-cold phosphate buffered saline (PBS) (Life Technologies) was
carefully added to each T25 cm? flask and the cells were scraped off with a scraper. The cell suspension was col-
lected and centrifuged at 4 °C. The PBS was discarded and the dry pellet was stored in liquid nitrogen.

Random Positioning Machine (RPM). The RPM (ADS, former Dutch Space, Leiden, Netherlands) was
run in a commercially available incubator at 37 °C and 5% CO,. The method was intensively investigated and
published earlier>®1%2¢. Mode of choice was the real random mode with random speed and random interval and a
maximum speed of 75°/s. 15 T25 cm? flasks were fixed to the operating platform, resulting in a maximal distance
of 7.5 cm to the rotation axis, and were rotated for the selected time periods respectivly. Static, non-rotated con-
trols were exposed to the same environmental conditions nearby the device.

Phase contrast microscopy. Phase contrast microscopy was performed for visual observation of the mor-
phology of the cells, using a Leica (Microsystems GmbH, Wetzlar, Germany). Pictures had been taken by a Canon
EOS 550D (Canon GmbH, Krefeld, Germany).

F-actin cytoskeleton staining. Cells exposed for 2h, 4h, 16h, 24h and 5d to the RPM in slideflasks were
investigated. F-actin was visualized by means of rhodamine-phalloidin staining (Molecular Probes®, Eugene, OR,
USA). In addition, the nuclei were stained with 4’,6-diamidino-2-phenylindole (DAP], Life Technologies). The
method was described earlier in detail*”®.

Hematoxylin-Eosin and Periodic acid-Schiff staining.  After a 5d-RPM-culture of MCF-7 cells, the
MCS were collected, three times carefully washed in PBS and fixed in 4% paraformaldehyde. The MCS were
embedded in paraffin® and sectioned with a microtome. The MCS were cut into 3 pm sections. Hematoxylin
and eosin stains were used to evaluate the cell morphology and polarity of the breast cancer cells. In addition,
the Periodic acid-Schift (PAS) was applied to investigate the cellular basement membranes of the MCS cells. All
sections were visualized by light microscopy using an oil immersion objective with a calibrated magnification of
x400.
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Protein Dilution | Company

[B-actin 1:1000 Cell Signaling Technology, Inc., Danvers, MA, USA
[-tubulin 1:100 Sigma Aldrich, St. Louis, MO, USA

Ezrin 1:1000 Cell Signaling Technology, Inc., Danvers, MA, USA
Fibronectin 1:1000 Sigma Aldrich, St. Louis, MO, USA

GAPDH 1:1000 Cell Signaling Technology, Inc., Danvers, MA, USA
Integrin-b, 1:1000 Cell Signaling Technology, Inc., Danvers, MA, USA
Keratin 1:1000 Cell Signaling Technology, Inc., Danvers, MA, USA
Laminin 1:1000 Sigma Aldrich, St. Louis, MO, USA

Radixin 1:1000 Cell Signaling Technology, Inc., Danvers, MA, USA
VEGF 1:200 Abcam plc, Cambridge, UK

Table 2. Primary antibodies used for Western blot analyses.

NGAL and VEGF measurements. NGAL and VEGF levels were measured using in-house time resolved
immunofluorometric assays (TRIFMA) according to previously described methods”?. For all determinations,
the supernatant samples were diluted 1:2 and the 96-well plates were read using a VICTOR 2030 (Perkin Elmer,
Inc.) Standard curves were used to calculate the concentrations using the standard software implemented in the
VICTOR 2030.

RNA and protein isolation and quantitative real-time PCR. RNA isolation and quantitative real-time
PCR were performed according to routine protocols”?>%*, RNA and protein were isolated using the AllPrep RNA/
Protein kit (Qiagen GmbH, Hilden, Germany) following the manufacturer’s instructions. The RNA was quanti-
fied via the SpectraMax M2 (Molecular Devices, California, USA). Reverse transcription was performed using
the First Strand cDNA Synthesis Kit (Thermo Scientific, Waltham, Massachusetts, USA) following manufac-
turer’s instructions. Quantitative real-time PCR was utilized to determine the expression levels of target genes,
shown in Table 1, using the SYBR® Select Master Mix (Applied Biosystems, Darmstadt, Germany) and the 7500
Real-Time PCR System (Applied Biosystems). cDNA-selective Primers were designed to span exon-exon bound-
aries and to have a Tm of 60 °C using Primer Express software (Applied Biosystems), and were synthesized by
TIB Molbiol (Berlin, Germany). All samples were measured in triplicate and normalized to the housekeeper 18S
rRNA. Comparative CT (AACT) methods were used for relative quantification of transcription levels, with 1 g
set as 100%.

Western blot analysis. Gel electrophoresis, trans-blotting, and densitometry were carried out following
routine protocols as described previously®. 20 uL of lysate containing 2 pug/pL protein was loaded onto SDS-PAGE
per sample. A total number of 5 samples were analyzed per cell population for 5 and 10 days respectively. Primary
antibodies were applied as described in Table 2. HRP-linked, secondary antibody was used at a dilution of 1:3000
(Cell Signaling Technology, Inc., Danvers, MA, USA). A final analysis was performed in a ChemiDoc XRS+ (Bio
Rad, Hercules, CA, USA). To quantify the bands desitometrically, the membranes were analysed using Image]
software (U.S. National Institutes of Health, Bethesda, MD, USA).

Pathway Studio Analysis. Pathway Studio v11 was purchased from Elsevier Research Solutions,
Amsterdam, Netherlands. This program was used online®. To start an analysis, the SwissProt numbers of the
proteins of interest were entered””.

Statistical Evaluation. All statistical analyses were performed using SPSS 21.0 (SPSS, Inc., Chicago, IL,
USA, 2012). The data was analyzed with the Mann-Whitney U test. To account for multiple comparisons, a
Kruskal-Wallis Test was performed beforehand, and Bonferroni corrections were applied. The data was expressed
as means = standard deviation (SD). Differences were considered significant at p < 0.05.
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Human MCF-7 breast cancer cells were exposed to a Random Positioning Machine (RPM). After 24 hours
(h) the cells grew either adherently within a monolayer (AD) or within multicellular spheroids (MCS). AD
and MCS populations were separately harvested, their cellular differences were determined performing
gPCR on genes, which were differently expressed in AD and MCS cells. Gene array technology was
applied to detect RPM-sensitive genes in MCF-7 cells after 24 h. Furthermore, the capability to form
multicellular spheroids in vitro was compared with the intracellular distribution of NF-kappaB (NFkB)
p65. NFkB was equally distributed in static control cells, but predominantly localized in the cytoplasm
in AD cells and nucleus in MCS cells exposed to the RPM. Gene array analyses revealed a more than
2-fold change of only 23 genes including some whose products are affected by oxygen levels or regulate
glycolysis. Significant upregulations of the mRNAs of enzymes degrading heme, of ANXA1, ANXA2,
CTGF, CAV2 and ICAM1, as well as of FAS, Casp8, BAX, p53, CYC1 and PARP1 were observed in MCS cells
as compared with 1g-control and AD cells. An interaction analysis of 47 investigated genes suggested

. that HMOX-1 and NF«B variants are activated, when multicellular spheroids are formed.

Exposing cells to devices like the Random Positioning Machine (RPM) triggers them to change their growth
. behavior together with a number of cellular characteristics* This phenomenon has been observed for several
: types of human cells including thyroid cells, chondrocytes, endothelial cells, human breast cancer MDA-MB-231
© cells and others®. We recently demonstrated that also human Michigan Cancer Foundation-7 (MCF-7) breast
- cancer cells form three-dimensional (3D) aggregates. Incubated on a RPM, a part of the cells switches from a
two-dimensional (2D) growth within a monolayer to a 3D growth within multicellular spheroids (MCS), the
. other one remains adherent and continues growing within a monolayer (AD)"’. The occurrence of MCS begins
* within 24 h on the RPM'. After a five-day RPM-exposure, spheroids were floating in the culture supernatant.
: At that time, the cells of the MCS have changed their gene expression pattern. Among other mRNAs, vascular
. endothelial growth factor-A (VEGFA), vascular endothelial growth factor receptor 2 (FLK1), caspase-9 (Casp9),

caspase-3 (Casp3), and protein kinase C alpha (PRKCA) mRNAs were downregulated in five-day MCS-samples

indicating their involvement in 3D aggregation.

Isochronally with 3D aggregation, microgravity-induced apoptosis was detected in breast cancer cells® like
it has been observed in other types of cells!!~"°. In addition, FTC-133 thyroid cancer cells exposed to the RPM
for 24 h formed spheroids and exhibited simultaneously enhanced levels of apoptosis and of NFxB proteins as

. compared with 1g-control cells'*. NF&B incorporates a variety of transcriptional regulatory functions and is
. known to be of great importance in apoptosis'. It is inactivated by binding to IxB (inhibitor of NFxB). However,
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degradation of IkB can result in a translocation of NF«B into the nucleus, where it can activate the transcription
of anti-apoptotic genes'®. In a recent deep proteome analysis the translocation inhibitor I<BKB showed up in
AD cells after culturing FTC-133 cells on the RPM, but could not be detected in MCS cells of the same culture
flask!”18, These observations created the idea that a link between spheroid formation, initiation of apoptosis and
NFkB expression may exist'. In addition, Becker-Weimann et al. postulated a link between NF«B expression and
3D organization of human breast cancer cells".

Therefore, the principal aim of this paper was to investigate the early phases of RPM-exposure (24 h) of
MCEF-7 breast cancer cells and to test whether there is a link between enhancement of apoptosis, changes in
NFkB expression and spheroid formation. In a first approach, we exposed MCF-7 breast cancer cells for 24h to
the RPM. Afterwards, we analyzed the intracellular distribution and expression of NF«B by means of gene array
analyses as well as quantitative (q)PCR focusing on genes involved in apoptosis and cell adhesion signaling and
known to play a role in spheroid formation of human thyroid cells'*. Furthermore, morphological and molecular
biological results were compared. These experiments should increase the knowledge about mechanisms of the
self-reliant formation of tissue-comparable cell-aggregates. Finding molecules in various cell types, which medi-
ate a microgravity-dependent cell organization in equal ways, may indicate new targets to improve tissue engi-
neering and cancer treatment. In a further step, we investigated the impact of the poly ADP ribose polymerase
(PARP) inhibitor olaparib, the effect of dexamethasone (DEX) and the phosphodiesterase-4 (PDE-4) inhibitor
rolipram on spheroid formation.

Results

After MCF-7 human breast adenocarcinoma cells had been cultured on the RPM for 24 h, we detected two differ-
ent phenotypes: Cells growing adherently within a 2D monolayer (AD) and cells growing in form of 3D aggregates
exhibiting no glandular structures after this short-term exposure. The MCS had various sizes (max. 300 yum) and
were floating in the supernatant (Fig. 1B). In the corresponding controls incubated under normal 1g-conditions
only cells growing in 2D monolayers could be seen (Fig. 1A). The cells growing three-dimensionally in form of
MCS were viable. This was demonstrated by testing the adhesion of the MCS (Fig. 1C) on slide flasks and by the
migration behavior of the cells clearly seen at 4h of incubation (Fig. 1D). After 24 h a large number of cells are
migrating out of the MCS (Fig. 1E). In addition, acridine orange/ethidium bromide staining showed that MCS
cells were viable and impermeable to the dye (Fig. 1G; green fluorescence) like the RPM AD cells (Fig. 1G; insert)
and the 1g-control MCF-7 cells (Fig. 1F). In case of dead or necrotic cells, the cells would have taken up the dye
and shown a red fluorescence. This is demonstrated in the insert of Fig. 1F, where red cells are visible when stained
living cells are kept without medium under the microscope for another 5min and photographed afterwards.

Effect of RPM-exposure on NFkB. In order to see, whether the NFxB-p65 location and content of MCF-7
cells is like that of FTC-133 follicular thyroid cancer cells' involved in the cellular processes taking place during
the first 24 h of RPM-exposure, we performed a NFxB-p65 immunofluorescence staining and Western blot analy-
ses. The antibodies used are listed in Table 1. The Fig. 1H and I reveal MCEF-7 cells stained for NF«xB-p65. It can be
seen that NFkB-p65 is equally distributed in the cytoplasm of cells cultured under static 1g-conditions (Fig. 1H).
After a 24-hour RPM-exposure NFkB-p65 protein appeared in the nucleus of MCS cells (Fig. 1I; upper insert).
Fluorescence brightness shown in the upper and lower inserts of Fig. 11 suggested more NFxB-p65 in the nucleus
and cytoplasm of MCS cells than in the cytoplasm of adherent cells exposed to the RPM.

NEFxB proteins comprise different variants including NFxkB-p50, -p52 and -p65. They are encoded by the gene
loci NFKBI, 2 and 3. The various proteins form dimeric transcription factors that regulate the expression of genes
influencing a broad range of biological processes®*-?2. NFxB proteins are bound and inhibited by IkB proteins.
Both, effectors and inhibitors may be activated by external signals, which trigger expression, phosphorylation and
dimerization of various components as well as their translocation from the cytoplasm to nucleus, where it binds
to specific DNA sequences (response elements). In order to investigate whether the differences in localization and
amount of NFkB-p65 observed in Fig. 1H and I are only due to a re-distribution or are also due to a new synthesis
of NFkB-p65 proteins, we performed qPCR of the NFKB1, NFKB2, NFKB3, NFKBIA, NFKBIB, NFKBIE and
NFKBG genes (Fig. 2). Figure 2D,EL indicate a tendency of a non-significant upregulation of NFKB2, NFKB3,
NFKBIB genes under simulated microgravity (s-pg) in AD cells and especially in MCS, while Fig. 2A,I,M,N show
a significant upregulation of NFKB1, NFKBIA, NFKBIE and NFKBG genes in MCS cells as compared to control
cells. In AD cells only the IKBKG gene is significantly enhanced in comparison to the control cells. In general, the
Western blot analyses performed on the same group as the qPCR, point in a similar direction as the correspond-
ing gene expression pattern along with the corresponding un-phosphorylated proteins (Fig. 2B,G,]). Interestingly,
the phosphorylated (p—) variants of the proteins are enhanced mainly in RPM-exposed cells (Fig. 2C,E,H).
Hence, a significant phosphorylation of NFxB proteins during MCS formation on the RPM may be considered.

Genes of factors known to be involved in spheroid formation. Because the growth behavior, NFKB3
gene expression and NFkB p65 protein accumulation were similar in FTC-133 and MCF-7 cells, we investigated
the expression of other genes, which are assumed to play a role in the formation of 3D aggregates of human can-
cer cells'*?, The primers used are listed in Table 2. The gene expression status was studied after 24h by qPCR
in 1g-control cells, AD and MCS cells comparatively. These qPCR experiments revealed: The gene expression of
annexin Al (ANXAI) and annexin A2 (ANXA?2) were significantly upregulated in MCS compared to 1g-control
cells, while their expression was unregulated in AD samples (Fig. 3A,B). In addition, caveolin-2 (CAV2) and
intercellular adhesion molecule 1 (ICAMI) mRNAs were both elevated in MCS. The expression was significantly
upregulated in MCS compared to the corresponding 1g-controls (Fig. 3C,H). In contrast to CAV2, the connec-
tive tissue growth factor (CTGF) gene expression was significantly upregulated in AD as well as in MCS samples
(Fig. 3D).
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Figure 1. (A-E) Phase contrast microscopy: (A) Native MCF-7 cells cultured for 24 h under 1g-conditions. (B)
RPM-exposed sample showing two phenotypes (adherently growing MCF-7 cells and MCS). A representative
example of a MCS is indicated by the white arrowhead. (C) Adhesion of MCS to the bottom of a slide flask
after 2h. (D) Migration of MCEF-7 cells out of the MCS after 4h and (E) Migration of MCEF-7 cells out of the
MCS after 24 h. (F-I) Confocal laser scanning microscopy: (F,G) Acridine orange/ethidium bromide staining
revealed a green fluorescence in all cells after 24 h which indicates viability. (F) 1g-conditions (insert: positive
control (PC) of acridine orange/ethidium bromide assay after approximately 5 min incubation). (G) viable

cells in the MCS (insert: viable RPM-AD cells). (H) NFxB immunofluorescence staining of 1g-control cells:
NFkB is predominantly detectable in the cytoplasm and I: RPM-exposed samples: nuclear (white arrows) and
cytoplasmatic NFxB in the MCS. Upper insert: magnification of indicated area. Lower insert: NFxB detection
in RPM AD cells, same magnification as in I. Nuclei are counterstained with DAPI. Scale bars in (A-E) 100 pm;
scale bars in (F,G) 10 um; scale bars in (H and I): 20 um. 5 samples of each condition were examined separately.
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Antibody Dilution Company Molecul Catalog Numb
p-NFxB p50 1/1000 Thermo Fisher 50kDa #710460
p-NFkB p52 1/1000 Thermo Fisher 110kDa #PA5-17385
Anti-NF&B p105/p50 1/1000 Abcam 50, 100kDa #ab32360
Anti-p-NFkB p65 1/1000 Abcam 70kDa #ab86299
Anti-IkBa 1/1000 Cell-Signaling 39kDa #9242
Anti-p-IkBa 1/1000 Cell-Signaling 40kDa #2859
Anti-NF&Bp65 1/1000 Cell-Signaling 65kDa #C22B4
Anti-Cofilin 1/1000 Abcam 19kDa #ab124979

Table 1. Antibodies applied for Western blot Analysis.

Both, tissue inhibitor of metalloproteinases 1 (TIMP1I) and plasminogen activator inhibitor 1 (PAI1) mRNAs
were not significantly regulated, however, a tendency of an upregulation in AD and MCS was visible (Fig. 3E,F).
Both factors inhibit metalloproteinases including metalloproteinase 9 (MMP9), whose mRNA was not signifi-
cantly regulated (Fig. 3G).

Additional genes involved in intrinsic and extrinsic pathways of programmed cell death, were selected,
because apoptosis was found repeatedly to accompany cell response to removing gravity>'"'*, Casp3 and
Casp9 mRNAs were not significantly changed in AD and MCS compared to their corresponding controls
(Fig. 4B,D). However, only MCS versus control showed a significant upregulation of caspase-8 (Casp8) (Fig. 4C).
Furthermore, the cellular tumor antigen p53 (p53) gene expression was significantly enhanced in MCS versus
control cells (Fig. 4G). The cytochrome c1 (CYCI), poly(ADP-ribose)-polymerase 1 (PARPI) (Fig. 4H,I) and
tumor necrosis factor receptor superfamily member (FAS) mRNAs (Fig. 4A) were upregulated in MCS samples
compared to the control group. In addition, the apoptosis regulator Bcl-2 (BCL2) mRNA remained unregulated
in AD and MCS cells (Fig. 4E). In contrast, the apoptosis regulator BAX (BAX) gene expression was significantly
upregulated in AD and MCS samples compared to the control cells (Fig. 4F). However, many of them exhibited
significant regulations in at least one of the three possible permutations of gene expression comparisons between
our experimental groups.

Microarray analysis. In order to detect further genes, which change their expression activity, during
the first 24 h of culturing MCF-7 cells on the RPM, we performed microarray analyses on 1g-control, AD and
MCS cells (Fig. 5A). The microarray analysis (Table 3 and Supplemental Table 1) did not show a significant
microgravity-dependent change in NFxB-p65 expression. Moreover, it revealed a rather stable mRNA expression
pattern. In total 319 genes (331 probes, 330 probes annotated to 319 genes) transcripts were significantly differ-
entially expressed (5% false discovery rate (FDR) in Analysis of variance (ANOVA)). In the pairwise comparison
of control cells, AD and MCS, the expression of 140 significantly differentially expressed genes and open reading
frames was changed 1.4-fold (Supplemental Table 1). However, a two- or more-fold change of the mRNA was
merely found in 23 genes (Table 3). As a two- or more-fold change is usually considered to indicate biological
relevance, we studied these genes in more detail.

19 of the genes were downregulated more than two-fold and 4 genes were upregulated at least two-fold
(Table 3). 10 of the down-regulated genes code for proteins linked to oxygen levels or hypoxia®*-**. The degree
of downregulation of the expression of these genes was very similar in AD and MCS cells. But myristoylated
alanine-rich C-kinase substrate (MARCKS), which codes for an actin interacting protein, is more significantly
(5% FDR ANOVA) downregulated in MCS than in AD cells*. A more profound difference between AD and MCS
cells was seen, when the upregulated genes were analyzed, which code for the cytoskeletal protein gamma-enteric
smooth muscle actin (ACTG) and additional three proteins suppressing apoptosis and regulating the concentra-
tion of heme, which influences apoptosis®*~*%. All 4 genes indicated were significantly upregulated (>2 fold) only
in MCS cells (Table 3).

Because 10 of the 19 genes found significantly downregulated are related to oxygen homeostasis, we applied
the Pathway Studio analysis to see whether there is an interaction between them (Figs 6 and 7). Interestingly, we
did not see significant interactions of these factors, neither at protein nor at gene level. Interaction at gene and
protein level was, however, detected, when all 23 factors shown in Table 3 were analyzed. A cross-linking goes
through 7 of the 23 genes (Fig. 5B) which code for 3 extracellular, 1 membrane, 5 nuclear, 2 mitochondrial and 12
cytosolic proteins (see also Fig. 7, Table 3). Hemoxygenase (HMOX1) is the most networked gene.

In order to examine, whether the genes determined by qPCR as upregulated in MCS cells interact with the
differentially expressed genes detected in the gene array analysis, we subjected the experimental results to the
Pathway studio analysis. The candidates comprised 41 items including RELA (NFKB3) and Hemox-1. They com-
pleted a complicated network consisting of 31 of the 41 factors at gene (Fig. 6) and protein levels (Fig. 7). Figures 5
and 6 indicate that the genes recognized before to be important in spheroid formation and the genes noticed in
gene array analysis very well fit into the networks (see also Table 3). HMOX1 and RELA show strong interaction at
a genetic level (Fig. 6), but no mutual influence has so far been detected on the protein level (Fig. 7). In addition,
the ICAM1 gene, which codes for a cell adhesion protein is under the positive influence of upregulated genes such
as FAS, PARP1, P53, CTGF, and NFKBI, but may be suppressed by caspase-3. Besides of CTGF, these genes are
significantly upregulated only in MCS cells.
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Figure 2. (A) NFKBI gene expression; (B) NFkBp50 Western blot analysis; (C) phosphorylated (p)-NF«Bp50
Western blot analysis; (D) NFKB2 gene expression; (E) p-NF«xBp52 Western blot analysis; (F) NFKB3 gene
expression; (G) NFkBp65 Western blot analysis; (H) p-NFkBp65 Western blot analysis; (I) NFKBIA gene
expression; (J) IxBoa Western blot analysis; (K) p- IkB3 Western blot analysis; (L) NFKBIB gene expression; (M)
NFKBIE gene expression; (N) IKBKG gene expression. The position (arrow) and molecular size (in kD) of the
investigated proteins are indicated on each of the Western blot membrane images. Cofilin 1 was used as loading
control. The vertical lines indicate group separation giving n=>5 per group.

Impact of targeting PARP and NF«B on spheroid formation. In order to evaluate the functional
effects of PARP and NFkB, we performed inhibition assessments using the drugs olaparib, dexamethasone (DEX)
and rolipram. Figure 8 shows the target proteins of the three drugs. According to a STITCH 4 database search
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185 18S-F GGAGCCTGCGGCTTAATTT

18S-R CAACTAAGAACGGCCATGCA

ANXAI-F GCCAAAGACATAACCTCAGACACAT
Annexin Al; ANXAI

ANXAI-R GAATCAGCCAAGTCTTCATTCACA

ANXA2-F GGTACAAGAGTTACAGCCCTTATGACA
Annexin A2; ANXA2

ANXA2-R CATGGAGTCATACAGCCGATCA

BAX-F GTCAGCTGCCACTCGGAAA
Apoptosis Regulator BAX; BAX

BAX-R AGTAACATGGAGCTGCAGAGGAT

BCL2-F TCAGAGACAGCCAGGAGAAATCA
Apoptosis Regulator BCL-2; BCL2

BCL2-R CCTGTGGATGACTGAGTACCTGAA

Casp3-F CTCCAACATCGACTGTGAGAAGTT
Caspase 3; CASP3

Casp3-R GCGCCAGCTCCAGCAA

Casp8-F TGCAAAAGCACGGGAGAAAG
Caspase 8; CASP8

Casp8-R CTCTTCAAAGGTCGTGGTCAAAG

Casp9-F CTCCAACATCGACTGTGAGAAGTT
Caspase 9; CASP9

Casp9-R GCGCCAGCTCCAGCAA

Cav2-F GATCCCCACCGGCTCAAC
Caveolin 2; CAV2

Cav2-R CACCGGCTCTGCGATCA

CTGF-F ACAAGGGCCTCTTCTGTGACTT
Connective Tissue Growth Factor; CTGF

CTGF-R GGTACACCGTACCACCGAAGAT

Cyc-F CACTGCGGGAAGGTCTCTAC
Cytochrome C; CYC

Cyc-R GGGGTGCCATCGTCAAACTC

NFkBI1-F CTTAGGAGGGAGAGCCCAC
NF-kappa-B transcription complex P105/P50; NFKB1

NFkBI-R TGAAACATTTGTTCAGGCCTTC

NFkB2-F GTACAAAGATACGCGGACCC
NF-kappa-B transcription complex P100/P52; NFKB2

NFkB2-R CCAGACCTGGGTTGTAGCA

NFkB-F CGCTTCTTCACACACTGGATTC
NF-kappa-B transcription complex P65

NFkB-R ACTGCCGGGATGGCTTCT

IkBKG-F AACTGGGACTTTCTCGGAGC
NF-kappa-B essential modulator (NEMO); IKBKG

IkBKG-R GGCAAGGGCTGTCAGCAG

NFkBla-F AATGCTCAGGAGCCCTGTAAT
NF-kappa-B inhibitor alpha; NFKBIA

NFkBIa-R CTGTTGACATCAGCCCCACA

NFkBIb-F CCCGGAGGACCTGGGTT
NEF-kappa-B inhibitor beta; NFKBIB

NFkBIb-R GCAGTGCCGTGTCCCC

NFkBle-F TGGGCATCTCATCCACTCTG
NF-kappa-B inhibitor epsilon; NFKBIE

NFkBIe-R ACAAGGGATTCCTCAGTCAGGT

CD95-F AGTCTGGTTCATCCCCATTGAC
Tumor necrosis factor receptor superfamily member 6 (Fas); FAS

CD95-R AGGGATTGGAATTGAGGAAGACT

ICAMI-F CGGCTGACGTGTGCAGTAAT
Intercellular adhesion molecule 1; ICAM1

ICAMI-R CTTCTGAGACCTCTGGCTTCGT

MMP9-F CCTGGAGACCTGAGAACCAATC
Matrix metalloproteinase-9; MMP9

MMP9-R TTCGACTCTCCACGCATCTCT

p53-F CCTGGATTGGCCAGACTGC
Cellular tumor antigen p53; p53

P53-R TTTTCAGGAAGTAGTTTCCATAGGT

PAII-F AGGCTGACTTCACGAGTCTTTCA
Plasminogen activator inhibitor 1; PAI1

PAII-R CACTCTCGTTCACCTCGATCTTC

PARPI-F CGAGTCGAGTACGCCAAGAG
Poly [ADP-ribose] polymerase 1; PARPI

PARPI-R CATCAAACATGGGCGACTGC

TIMPI-F GCCATCGCCGCAGATC
Metalloproteinase inhibitor 1; TIMPI

TIMPI-R GCTATCAGCCACAGCAACAACA

Table 2. Primers used for quantitative real-time PCR All sequences are given in the 5'-3 direction.

(chemical-protein interaction networks; http://stitch.embl.de/), it can be assumed that DEX preferentially inhib-
its NROBI, NR3C1 and NR3C2 (Fig. 8, green bars), but has side effects cross-reacting with a couple of other
factors including IL10 and CDK1 (Fig. 8). Similarly, olaparib inhibits PARP1 and PARP2 (Fig. 8, green bars) and
has additional effects on other eight proteins (Fig. 8). Rolipram mainly blocks the action of PDE4A, PDE4B and
PDE4D (Fig. 8, green bars). To some degree it also interacts with factors like IL6, IL10, APP, and FOS.
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Figure 3. Expression of genes putatively involved in MCS-formation. (A) Annexin Al (ANXA1I), (B) Annexin
A2 (ANXA2), (C) Caveolin-2 (Cav2), (D) Connective tissue growth factor (CTGF), (E) Metalloproteinase
inhibitor 1 (TIMP1), (F) Plasminogen activator inhibitor 1 (PAII), (G) Matrix metalloproteinase 9 (MMP9),
(H) Intercellular adhesion molecule 1 (ICAM1I), were analysed after 24h of RPM-exposure. All values are given
as mean =+ standard deviation. *p < 0.05 vs. corresponding 1g-control. AD: adherent cells, MCS: multicellular
spheroids, after RPM-exposure. Number of replicates is 4.

To determine the formation of spheroids when molecules of interest are inhibited, we treated the MCF-7 cells
with various concentrations of olaparib (0 M, 2.5uM, 5uM and 10 uM), DEX (0 M, 0.01 uM, 0,1 uM, 1 uM) and
rolipram (0 M, 1 uM, 10 uM), while exposed to the RPM for 24 h. To exclude toxic effects of the used solvent and/
or the drugs on the MCF-7 cells, we prepared 24 h static 1g-experiments with solvent and the mentioned drug
concentrations (Supplemental Fig. 1). After a 24 hour-exposure, the cells were stained with acridine orange/
ethidium bromide to examine the cell viability (Supplemental Fig. 1). None of the used concentrations of solvent
and drugs had a cytotoxic effect on the cells, as presented by the green staining, while no red staining of the nuclei
was detectable (Supplemental Fig. 1). In addition, no increased cell detachment or formation of cell aggregates
was noticed due to drug or solvent supplementation.

We exposed the MCEF-7 cells to the RPM for 24 h including the drug concentrations mentioned. While treat-
ment with olaparib and rolipram did not show visible effects on the formation of early spheroids (Fig. 9A-EM-P),
the number of visible MCSs seemed to decrease with increasing concentration of DEX (Fig. 9G-L). Acridine
orange/ethidium bromide staining revealed viable cells in RPM-AD cells as well as in MCS (Supplemental
Fig. 1IN, arrow indicates a MCS).

Discussion
Organisms live on Earth under the permanent influence of gravity. Removing this influence results in remode-
ling of various tissues in humans. For example bone loss and muscle atrophy can be observed in astronauts and
cosmonauts after long-term spaceflights®. In addition, various changes in different types of human cells were
detected. Examples are macrophages producing less reactive oxygen in microgravity compared to 1¢*® and human
thyroid cancer cells which form 3D cell aggregates, when cultured for a longer time in microgravity® This makes
microgravity a valuable environment for studies on a number of cellular characteristics not understood so far®’.
However, long-term removal of gravity achieved by spaceflights is very expensive and seldom performed. With
the help of ground-based facilities, which were constructed, to simulate microgravity on Earth, some aspects of
annulling gravity can be studied. Such devices, including the RPM, trigger at least a part of the incubated cells to
detach from the bottom of a culture flask and to form 3D aggregates like they are observed after spaceflights'?.
Even though the RPM produces sheer forces, which are nearly completely absent in real microgravity®**, it is
generally accepted that the cause of spheroid formation of cells cultured either on a RPM or in space is the
absence of cell sedimentation in both conditions™**, as no other cause could be identified until today.

Also MCF-7 cells form spheroids when exposed to the RPM'. In contrast to thyroid cancer cells, which only
form spheres, the MCEF-7 cells form 3D structures that have central holes after a five-day RPM-exposure, which

SCIENTIFICREPORTS| (2018) 8:921 | DOI:10.1038/s41598-017-18556-8 7



www.nature.com/scientificreports/

g & 8

FAS gene expression
(% of control)

&

140

120 4

(% of control)
8 8 8
BAX gene expression
(% of control)
o B & 83 8 8 8B &
P53 gene expression
(% of control)
- 8 8 ¥ B
“*
CYC1 gene expression
(% of control)
- & B 8 8 B

£
(=}

BCL2Z gene expression

(X
(=]

o

250

200

(% of control)
3

PARPT gene expression
8

&

o

B C D
200 200 - 250 -
* 180 - 180
—
E 160 - 160 o 200 4
5 5
g 140 4 140 ]
. B 120 B 120 | 53 10
E3- Xz #
E‘E 100 E-§ 100 4 §§
-
1 80 S 80 4 100
af iof o5 g
i e 3
1 40 4 40 1 50
20 20 A
E 0 0 0
Contral AD MCS Control  AD MCS Control AD MCS Control AD Mcs
F R G H
160 —— 250 - 300 4
T 1 *

Control AD MCS Contral AD MCS Contrel AD MCS Control AD MCS
*
| — |
Control AD MCS

Figure 4. Gene expression of genes whose products are associated with apoptosis pathway. (A) Fas, (B)
Caspase-3 (Casp3), (C) Caspase-8 (Casp8), (D) Caspase-9 (Casp9), (E) Apoptosis regulator Bcl-2 (BCL2),
(F) Apoptosis regulator BAX (BAX), (G) Cellular tumor antigen p53 (p53), (H) Cytochrome C 1 (Cycl), (I)
Poly ADP-ribose polymerase (PARPI) were analyzed after 24h of RPM-exposure. All values are given as
mean =+ standard deviation. *p < 0.05 vs. corresponding 1g-control. AD: adherent cells, MCS: multicellular
spheroids, after RPM-exposure. Number of replicates is 4.

remind of duct structures of normal epithelial breast cells'®. After a 24 h RPM-exposure dense MCS of MCF-7
cells similar to FTC-133 thyroid cancer spheroids or MCS from normal thyroid cells were visible!**!.

The MCF-7 breast cancer cell line is characterized as estrogen-receptor (ER)-positive, and progesterone
receptor (PR)-positive. It belongs to the luminal A molecular subtype*>. MCF-7 cells show characteristics of
differentiated breast epithelium and are positive for epithelial markers and negative for mesenchymal mark-
ers like vimentin*2. MCF-7 cells have demonstrated the ability to form MCS under static 1g-conditions using
non-adherent Petri dishes*’. These MCS can mature after long-term culture to lumen-containing spheroids®.

Normal cells such as endothelial blood vessel cells for example form tubular structures when cultured on a
RPM?’. Human chondrocytes form cartilage pieces when cultured in space and on the Rotating Wall Vessel** or
when they were exposed to the RPM*.

These observations point to the possibility that the technique of microgravity-dependent spheroid formation
could be exploited for tissue engineering purposes in the future*®, perhaps also in breast reconstruction after
surgery. In this study, we investigated the early phase of spheroid formation of MCF-7 cells exposed to simulated
microgravity created by a RPM.

MCE-7 cells of a parent population, which grow either as MCS cells or as a monolayer showed similar and
different features after a 24 hour-exposure to the RPM. Both states of cellular appearance exhibited an increased
expression of CTGF and BAX and a rather similarly decreased expression of adrenomedullin (ADM), aldolase
(ALDOC), angiopoietin-like 4 (ANGPTL4), ankyrin repeat domain 37 (ANKRD37), BCL2 interacting protein
3 (BNIP3), N-myc downstream regulated 1 (NDRG1), whose products are affected by oxygen levels**-3°. The
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Figure 5. (A) K-mean clustering of significant expression differences in the microarray experiment (5%
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expression in AD. The 99 probes in cluster three are downregulated in MCS. (B) Pathway studio analysis of
genes detected by the gene array analysis: The arrows indicate interaction. HMOXI1 is most net-worked.

decrease of ADM, ALDOC, ANGPTL4, ANKRD37, BNIP3, NDRGI may be explained by an increase in oxygen
concentration within vented culture flasks observed after 24 h of incubation on the RPM*. Such an increase may
be the reason for the down-regulation of various genes whose products were changed in response to oxygen levels
and regulate glycolysis, as the regulation was very similar in adherent and in MCS cells (Supplemental Table 1). In
addition, spheroid formation is observed in closed and not-vented incubation chambers during a spaceflight and
during clinorotation (clinostat device), which is another method of preventing cell sedimentation on ground**.
This indicates that different oxygen concentrations are not accountable for spheroid formation. Therefore, an
enhanced oxygen concentration together with the down-regulation of hypoxia-inducible factor (HIF)-related
genes may be an epiphenomenon, when cells are incubated on the RPM in vented culture flasks. As oxygen
enhancement cannot be considered to trigger the switch from a 2D to a 3D growth behavior, we focused on genes
which have been differently regulated in AD and MCS cells during the early 24 h of incubation.

Differences in gene expression changes were observed in genes of factors playing a role in apoptosis. These
genes were clearly elevated in MCS than in AD samples. They comprise p53, CYCI, PARPI, FAS, Casp8 as well as
ANXA1%-% These elevated apoptotic factors in MCS are accompanied by factors promoting cell survival. One
of these genes is sphingosine-1-phosphate receptor 3 (SIPR3), the other one is heme oxygenase-1. They are both
up-regulated in MCS as detected by microarray and code for proteins favoring cell survival®>*.

HMOX-1 codes for an enzyme, degrading heme and exhibits together with its degradation products, cyto-
protective properties®. This enzyme may be localized in various cellular compartments. In caveolae HMOX-1
is inhibited by caveolin-1°". In thyroid cells an increased concentration of caveolin-1 prevents spheroid forma-
tion®*>3. Therefore, it may not be excluded that HMOX-1 plays a role in spheroid formation.

According to the literature, both HMOX-1 and NF«xB p65 were mutually downregulating their gene expres-
sions>*®. In our experimental setting on breast cancer cells grown on the RPM, HMOX-1 was upregulated,
while NFKB3 remained unregulated. The HMOX-1 upregulation could be due to a positive influence of ADM
and PARP-1°%%. Despite the NFKB3 gene expression remained unchanged (Fig. 2F), NFkB p65 protein was
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ADM —3.97341 —3.71790 sensitive
ALDOC —2.72112 —2.93859 sensitive
ANGPTL4 —2.82266 —2.52424 sensitive
ANKRD37 —3.30216 —3.47036 sensitive
BHLHE40 —2.63050 —2.12209

BNIP3 —2.06507 —1.99325 sensitive
BNIP3L —2.10573 —2.65328 sensitive
CI150RF48 —1.28973 —2.14925

DDIT4 —2.36264 —2.80513 sensitive
FOS —2.23903 —1.62010

MARCKS —1.23023 —2.21407

MTIX —2.30906 —2.49814

NDRGI —2.95903 —2.78486 sensitive
PFKFB3 —2.10202 —3.13231 sensitive
PFKFB4 —3.20572 —2.84829 sensitive
PGM1 —1.77618 —2.05219

PLA2G10 —1.17541 —2.21319

PPPIR3C —1.72085 —2.07604

TMEDI0 —1.13444 —2.60338

SLC48A1 1.31299 2.07465

SIPR3 1.46902 2.07908

ACTG2 1.67742 2.17152

HMOX1 1.23716 2.78409

Table 3. Genes changed two- or more-fold after a 24 h-RPM-exposure.

Figure 6. Pathway studio analysis of genes analyzed in the study by the gene array analysis and qPCR. Arrows
indicate influence. Rims around the icon indicate up- (red) and down-regulation (blue). Green means un-
regulated. The lower half of a rim indicates regulation in MCS, the upper half indicates regulation in the AD
cells.

accumulated in MCS (Fig. 2G) and enriched within the nucleus. This fact points to an enhanced NFxB p65 trans-
location activity regulated by NFkBIA and NFxBIB (Figs 6 and 7)!'®°%. Becker-Weimann et al.' found that NFkB
is a key regulator in the formation of organized spheres in breast cancer cells cultured in 3D matrigels. While
organized spheres had a low expression of NFkB p65, unorganized spheres presented an upregulation!?. This is
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Figure 7. Pathway studio analysis of proteins whose genes were analysed in the study by the gene array analysis
and qPCR. Arrows indicate interaction. Mitochondria (yellow), cell membrane (red) and nucleus (blue) are
indicated to support localization of the various proteins.

em CXCRA 10

Figure 8. Pharmacological studies. STITCH 4 search for targets of olaparib (A), dexamethasone (B) and
rolipram (C). Primary targets are indicated by a green bar between the drug and the protein. Factors affected to
a minor degree are shown by grey lines®.

in concert with our findings that NF«B p65 is enhanced in 24 h adherent and MCS cells as these early spheroids
showed a random accumulation of cells (Fig. 1). The random accumulation of MCF7 cells was organized in glan-
dular structures with polarized cells after 5 days of cultivation on the RPM'. A deeper investigation of the corre-
lation between cell polarization and NFxB in RPM exposed cells will surely shed further light on the process of
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Control RPM

Olaparib

Dexamethasone

Rolipram

Figure 9. Phase contrast microscopy of drug-treated cells exposed to the RPM. Olaparib-treated cells static
control: (A) 2.5uM, (C) 5uM, (E) 10 uM. Olaparib-treated cells exposed to the RPM for 24 h: (B) 2.5 uM,

(D) 5uM, (F) 10 uM. DEX-treated cells static control: (G) 0.01 uM, (I) 0.1 uM, (K) 1 uM. DEX-treated cells
exposed to the RPM for 24 h: (H) 0.01 uM, (J) 0.1 uM, (L) 1 uM. Rolipram-treated cells static control: M) 1 uM,
(O) 10 uM. Rolipram-treated cells exposed to the RPM for 24 h: (N) 1M, (P) 10 uM. The pyramid indicates
increasing drug concentration. Scale bar: 100 um.

spheroid formation under microgravity. Furthermore, NF«B p65 translocation triggers the expression of various
proteins including ICAM1, which in our experiments was upregulated in MCS (Fig. 3H). Hence, NFxB seems
to play a central role in spheroid formation, which suggests that manipulation of NFxB activity by biological or
pharmacological agents could influence spheroid formation or related processes®. The effect of NFxkB p65 is
directed towards ICAM1 also by PARP1%. CTGE, via mitogen-activated protein kinase and NFxB activation, can
induce proinflammatory genes in murine tubuloepithelial cells®'. Interestingly, the SIPR3 gene was upregulated in
the MCS samples (Table 3). A recent paper demonstrated that sphingosine-1-phosphate increases the expansion
of cancer stem cells via SIPR3 by a ligand-independent Notch activation in breast cancer®?.

It is known that high levels of PARP-1 were associated with a poor prognosis in early breast cancer. PARP]
overexpression was detectable in various cancer cell lines and was associated with malignant progression®. We
found a high PARPI expression in the spheroids and targeted it by PARP inhibition. Thus, we investigated the
impact of olaparib (a competitive PARP-1/2 inhibitor) on the growth of MCF-7 breast cancer cells exposed to the
RPM and to 1g-conditions (Fig. 9). MCF-7 cells had been already treated with olaparib in earlier studies and three
different doses were tested (2.5, 5 and 10 uM)®. Recent data suggested that PARP inhibitors might be useful to
treat estrogen receptor-positive and estrogen-dependent tumors®. Here we could show that targeting PARP1/2
with olaparib did not alter the 3D aggregation of the MCF-7 cells cultured on the RPM, which indicated that
PARP seems not to be the main key factor responsible for 3D spheroids formation in simulated microgravity.

In a second step, we used DEX to modulate the NF«B activity. It has been shown that the application of DEX
promoted the NFkB transcriptional activity in MCE-7 cells®®. Khan et al. identified that NFxB was also regulated
by glucocorticoids and their receptor in MCF-7 breast cancer cells®. Here, we applied DEX to evaluate its impact
on spheroid formation. After a 24-hour RPM-exposure we detected that 1 uM might inhibit the spheroid forma-
tion. This finding supports the hypothesis that NFxB might be involved in spheroid formation on the RPM. It is
known that DEX suppresses the IL8 gene expression in airway epithelial cells®”. We had shown earlier that the
application of IL-8 protein facilitated the formation of MCS in thyroid cancer cell lines using the liquid-overlay
technique®®. Therefore, DEX might interact with IL8 to reduce MCS formation in this study, which has to be
confirmed in the future.
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In addition, we tested a second agent known to target NF-xB. Rolipram is a cyclic adenosine monophosphate
(cAMP)-specific phosphodiesterase (PDE-4) inhibitor and earlier used to influence MCEF-7 cancer cells®. The
agent has shown to prevent the NFxB binding activity in human chorionic cells”. In this experimental setting,
we can report that the drug is not influencing 3D spheroid formation in the first 24 h of RPM-exposure (Fig. 9).

Future studies are necessary to clarify the exact mechanisms involved in the process of 3D aggregation and
spheroid formation, such as genetic knockouts or knockins in cell lines”".

In addition, the genes CTGF, FAS and P53, which were upregulated in MCS and their products, have positive
influence on the gene expression of ICAM17>7*, ICAMLI is a surface protein, mainly detectable in endothelial
cells, but also expressed in human breast cancer cells”*. It may contribute to the cell-cell interaction required for
spheroid formation either by direct binding to integrin beta 27° or by changing the structure of the cell adhesion
complex as it was observed recently on normal thyroid cells"”. Interestingly, during earlier studies on MCF-7 cells,
we detected a downregulation of ICAM1 in AD and MCS cells after a 24-hour-exposure to the RPM'. The reason
might be either due to the changed serum supplementation, as growth factor concentration is unpredictable’®, or
due to the random walk of the RPM which incorporates different variances of stress®. In both cases the onset of
apoptosis may vary, which reduces ICAM1 expression via caspase-3'"77.

Taken together, our experiments suggest that NFxkB family members and HMOX-1 interact on a gene level,
when breast cancer cells transit from a 2D to a 3D growth on the RPM. They are changed in the same direction,
when adherent and MCS-cells are compared (Fig. 6). Whether these alterations are accidental parallel events or
mutually caused remains to be determined. Whether the up-regulated ANXA2 or the down-regulated MARCKS
genes which both code for cytoskeleton interacting proteins or the genes of CAV2, TIMPI1, PAIl and MMP-9,
which either code for membrane proteins or for enzymes regulating the extracellular matrix constitution, con-
tribute to this process remains to be determined in future studies. Interestingly, CAV2, TIMP1, and PAII show an
up-regulation in these experiments, but have exhibited together with MMP9 a downregulation in earlier experi-
ments on thyroid cells’.

In addition, our studies deliver new knowledge about how these cells might behave in real micrograv-
ity. This data can be used to prepare future spaceflight missions. Hence, using these and earlier results as a
basis!®’%7, we plan to conduct a future NASA and DLR space experiment like the successfully flown Cellbox-1
(NanoRacks-CellBox-Thyroid Cancer: http://www.nasa.gov/mission_pages/station/research/experiments/1648.
html°**%) onboard the International Space Station in order to increase the current knowledge of the behavior of
human breast cancer cells under real microgravity in space with a special focus on early cytoskeletal changes and
3D growth.

Methods

Cell culture. MCF-7 human breast adenocarcinoma cells (Fig. 1A) were purchased from the American type
culture collection (ATCC) (Manassas, VA, USA). Cells were cultivated in RPMI 1640 medium (Life Technologies,
Naerum, Denmark) supplemented with 10% fetal calf serum (FCS) (Biochrom, Berlin, Germany) and 1% penicil-
lin/streptomycin (Biochrom) at 37°C and 5% CO,. One day prior to the experimental run on the RPM, cells were
seeded either in slide flasks (Thermo Fisher Scientific, Roskilde, Denmark) (3 x 10° cells/cm?) for fluorescence
staining or in T25 (1 x 10° cells) vented cell culture flasks (Sarstedt, Niimbrecht, Germany) for RNA and protein
extraction. Before starting the run, flasks were filled up with medium, taking care that no air bubbles remain. A
detailed procedure has been published previously®?. To test the viability of the cells in the multicellular sphe-
roids (MCS), the MCS were collected after 24 h (Fig. 1B) and seeded in slide flasks. The adhesion and migration
behavior of the cells of the MCS was examined by phase contrast microscopy after 2h, 4h and 24 h (Fig. 1C-E).

Drug treatment. For targeting molecules of interest, we seeded 105 MCF-7 cells in slideflasks. After 24 h
the cells were synchronized for 4h and afterwards treated with the respective chemical agents for 24h during
RPM-exposure or without RPM-exposure. To target PARP we used the PARP 1/2 inhibitor olaparib (Selleckchem,
Absource Diagnostics, Munich, Germany). We prepared a stock solution in DMSO. The aliquots were stored at
—80°C until use. Concentrations of 2.5, 5, or 10 uM olaparib in medium were applied®. Negative controls were
incubated with DMSO only.

For targeting NFxB we applied dexamethasone (DEX) (Sigma-Aldrich, Taufkirchen, Germany). According to
Bruxant et al.?’ and Khan et al.*® we treated the MCF-7 cells with DEX (0 M, 0,001 uM, 0,1 uM, 1 uM). The MCE-7
cells were treated with DEX dissolved in water for 24 h.

Moreover, we applied the PDE4 inhibitor rolipram. We used the following doses 0 M, 1 uM, and 10 pM®.
Rolipram was first prepared as a stock solution in ethanol. Control MCF-7 cells were treated with an equivalent
volume of the solvent.

Random Positioning Machine. The desktop RPM (Airbus Defense and Space (ADS), Leiden, The
Netherlands) was located in a standard incubator with 37°C and 5% CO,. The RPM was operated in real random
mode with random direction and interval and a maximum speed of 12.5 revolutions per minute. Sample flasks to
be tested were placed onto the middle frame with a maximal distance of 7 cm to the center of rotation allowing a
pg quality between 10~* and 102 g, which is reached over time*®8.. Corresponding static 1g-controls, which were
completely filled with medium, were placed next to the RPM in the same incubator (n= 15 samples each group/
run).

Phase contrast microscopy. Cells were observed and photographed using an Axiovert 25 Microscope
(Carl Zeiss Microscopy, LLC, USA) and a Canon EOS 550D camera (Canon GmbH, Krefeld, Germany)?.
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Sample collection.  After 24 h the cells were investigated and photographed. The MCS were collected by mild
centrifugation at 3000 g for 5min and 4 °C and stored in liquid nitrogen. Harvesting of the adherent cells was per-
formed, by using a cell scraper after carefully adding ice-cold phosphate buffered saline (PBS, Life Technologies).
The suspension was collected and centrifuged at 3000 g for 5min and 4 °C followed by discarding the PBS and
storage of the pellet in liquid nitrogen.

Acridine orange/ethidium bromide staining. Control and RPM-exposed MCF-7 cells of both pheno-
types MCS and adherently growing cells were stained with acridine orange/ethidium bromide (Molecular Probes,
Darmstadt, Germany) as performed in previous studies®’. The stained MCF-7 cells were immediately investigated
by using a Zeiss LSM 710 confocal laser scanning microscope (Zeiss, Jena, Germany) as previously described’.

Indirectimmunofluorescence staining of NFkB. Immunofluorescence analysis of NFkB p65 was per-
formed on 80% confluent MCF-7 cells after a 24 hour exposure to the RPM. The cells were fixed with 4% para-
formaldehyde for 25 minutes at room temperature (RT), permeabilized with 0.25% Triton™ X-100 for 10 minutes,
and blocked with 5% BSA for 1h at RT. Afterwards, the cells were labelled with NFxB [p65] rabbit polyclonal
antibody (Thermo Fisher Scientific) at 2ug/mL in 1% BSA and incubated overnight at 4 °C, then labelled with
Alexa Fluor 488 goat anti-rabbit IgG secondary antibody (Thermo Fisher Scientific) at a dilution of 1:400 for 1h
at RT and washed 3 times. For nuclear staining, we used DAPI (4/,6-diamidin-2-phenylindol) (Sigma-Aldrich,
Taufkirchen, Germany) for 5min and washed the cells twice with DPBS. For evaluation, the slides were mounted
with Fluoroshield (Sigma-Aldrich, Taufkirchen, Germany) and analysed with a Zeiss LSM 710 confocal laser
scanning microscope’.

Western Blot Analysis. Western blot analysis was performed as recently published!”. The RPM experiment
for the Western blot analyses was performed three times. In each of these experiments five different culture
flasks were mounted on the RPM. In parallel five 1g-control flasks were cultured next to the RPM. At the end
of the experiment cells were harvested and an aliquot from each flask was subjected to Western blot analysis. In
RPM-samples we detected two phenotypes (RPM-AD cells and RPM-MCS). Hence, the Western blot contains
ten lanes loaded with RPM samples (AD and MCS), and five lanes loaded with 1g-control samples. The Western
blot experiment was repeated thrice. The concentration was adjusted to a total protein load of 30 ug per well in
Laemmli buffer. Criterion XT 4-12% precast gels (Biorad, Hercules, USA) were loaded and run for 1h at 150
volts. Transfer to a PVDF membrane was performed at 100 volts and 30 minutes. Membranes were blocked in
0.3% I-Block (Applied Biosystems, Foster City, USA) in TBS-T overnight. The antibodies listed in Table 1 were
applied for 2h at room temperature followed by washing steps. The applied secondary antibody, a Horseradish
peroxidase (HRP)-linked antibody was utilized at a dilution of 1:4000 (Cell Signaling Technology, Inc., Danvers,
MA, USA) for additional 2h at room temperature. Membranes were developed using Biorad Clarity Western
ECL and imaged with an Image Quant LAS 4000 mini (GE Healthcare Life Science, Freiburg, Germany). Cofilin
(CFL1) [EPR6375] (ABCAM, Cambridge, UK) was used as a loading control. The membranes were analyzed
using Image]J software (U.S. National Institutes of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/) for
densitometric quantification of the bands®.

RNA and protein extraction. The RNA and protein extraction were performed using the AllPrep RNA/
Protein kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s protocol. The concentrations were
determined with the spectrophotometer Ultrospec 2100 pro (Amersham Biosciences, Amersham, Great Britain).

Quantitative real-time PCR. Complementary DNA was produced using the First Strand cDNA Synthesis
Kit (Thermo Fisher Scientific) following manufacturer’s instructions. qrtPCR was performed using the SYBR®
Select Master Mix (Applied Biosystems, Darmstadt, Germany) and the 7500 Real-Time PCR System (Applied
Biosystems) to determine the expression levels of target genes, shown in Table 2. Selective primers were designed
to span exon-exon boundaries and to have a Tm of 60 °C using Primer Express software (Applied Biosystems),
and were synthesized by TIB Molbiol (Berlin, Germany). Samples were measured in triplicate and were nor-
malized to the housekeeper 18 S rRNA. Comparative threshold cycle (AACT) methods were used for relative
quantification of transcription levels, with 1 g set as 100%%.

Microarray technique. The 25 [llumina HumanWG-6_V2_0_R3 arrays have been normalized using the
BeadStudio Gene Expression Module v3.3.7, and quantile normalization without background correction. After
quantile normalization and exclusion of low or not expressed genes (minimum Illumina detection p-value >0.05)
a parametric ANOVA comparing the conditions control, AD and MCS was performed. Probes which undergo
5% FDR® were selected as differential expressed. Differentiation of the expression profiles was performed using
hierarchical and k-mean clustering. The cluster analysis was done using Partek Genomic Suite 6.3 applying hier-
archical average linkage clustering and k-mean clustering with Euclidean distance function on standardized log2
signal values. K was selected by analyses of the hierarchical clustering dendrograms.

Pathway analyses. To investigate mutual regulation of genes and to visualize localization and interactions
between proteins, we entered relevant UniProtKB entry numbers in the Pathway Studio v.11 software (Elsevier
Research Solutions, Amsterdam, The Netherlands). Graphs were generated for gene expression and protein regu-
lation and binding. The method was described previously®**. STITCH 4 (Chemical-Protein Interaction Networks,
European Molecular Biology Laboratory (EMBL), Heidelberg, Germany) was applied to investigate the interac-
tion of DEX, olaparib and rolipram with their targets. The data is given in Fig. 8.
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Statistical evaluation. Statistical evaluation was performed using SPSS 15.0 (SPSS, Inc., Chicago, IL, USA).
The Mann-Whitney-U-Test was used to compare 1 g and s-pg conditions, as well as AD cells and MCS cells. All
data is presented as mean + standard deviation (SD) with a significance level of *p < 0.05.
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