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Morphological and Molecular 
changes in Juvenile normal Human 
fibroblasts exposed to Simulated 
Microgravity
christoph Buken1,2, Jayashree Sahana2, Thomas J. corydon  2,3, Daniela Melnik1, 
Johann Bauer4, Markus Wehland1, Marcus Krüger  1, Silke Balk1, Nauras Abuagela1, 
Manfred infanger1 & Daniela Grimm1,2,5

the literature suggests morphological alterations and molecular biological changes within the cellular 
milieu of human cells, exposed to microgravity (µg), as many cell types assemble to multicellular 
spheroids (MCS). In this study we investigated juvenile normal human dermal fibroblasts (NHDF) 
grown in simulated µg (s-µg) on a random positioning machine (RPM), aiming to study changes in 
cell morphology, cytoskeleton, extracellular matrix (ECM), focal adhesion and growth factors. On 
the RPM, NHDF formed an adherent monolayer and compact MCS. For the two cell populations we 
found a differential regulation of fibronectin, laminin, collagen-IV, aggrecan, osteopontin, TIMP-1, 
integrin-β1, caveolin-1, E-cadherin, talin-1, vimentin, α-SM actin, TGF-β1, IL-8, MCP-1, MMP-1, and 
MMP-14 both on the transcriptional and/or translational level. Immunofluorescence staining revealed 
only slight structural changes in cytoskeletal components. Flow cytometry showed various membrane-
bound proteins with considerable variations. In silico analyses of the regulated proteins revealed an 
interaction network, contributing to MCS growth via signals mediated by integrin-β1, E-cadherin, 
caveolin-1 and talin-1. In conclusion, s-µg-conditions induced changes in the cytoskeleton, ECM, focal 
adhesion and growth behavior of NHDF and we identified for the first time factors involved in fibroblast 
3D-assembly. This new knowledge might be of importance in tissue engineering, wound healing and 
cancer metastasis.

With recently growing ambitions in human spaceflight endeavors, the pathophysiologic mechanisms of many 
health problems that individuals in space regularly face, require further investigation. Astronauts in space often 
suffer from problems with the skin. The dermis of crew members frequently develops extensive allergy-like rashes, 
a fluid shift, slowed wound healing, and an alteration in skin physiological properties1. In the epidermis, a signif-
icant thinning of this skin layer has been reported in a mouse model in space, lowering the mechanical barrier 
against environmental forces, such as radiation2. In the dermal skin layer, the composition and ratio of collagen 
and elastin have been shown to be altered after a six-month space mission of ISS-astronauts, thus decreasing the 
skin’s overall elasticity3. These findings strongly suggest that morphology and structure of the skin are altered by 
microgravity (µg). For this reason, the effects of µg on dermal cells need to be characterized. As the key regulatory 
cell type of dermal integrity, we focused on juvenile normal human dermal fibroblasts (NHDF) and their reaction 
to an extended period of simulated microgravity (s-µg), created by a random positioning machine (RPM).

Most fibroblasts are of mesenchymal origin and represent the major cell type of the connective tissue. An 
important role of the fibroblasts is to synthesize the components of the extracellular matrix (ECM) and maintain 

1Clinic for Plastic, Aesthetic and Hand Surgery, Otto von Guericke University Magdeburg, Leipziger Str. 44, 39120, 
Magdeburg, Germany. 2Department for Biomedicine, Aarhus University, Høegh-Guldbergsgade 10, DK-8000, 
Aarhus C, Denmark. 3Department of Ophthalmology, Aarhus University Hospital, 8200 Aarhus N, Palle Juul-Jensens 
Boulevard 99, DK-8200, Aarhus N, Denmark. 4Max Planck Institute of Biochemistry, Am Klopferspitz 18, 82152, 
Planegg, Germany. 5Gravitational Biology and Translational Regenerative Medicine, Faculty of Medicine and 
Mechanical Engineering, Otto von Guericke University Magdeburg, 39120, Magdeburg, Germany. Correspondence 
and requests for materials should be addressed to D.G. (email: dgg@biomed.au.dk)

Received: 30 January 2019

Accepted: 5 August 2019

Published: xx xx xxxx

open

https://doi.org/10.1038/s41598-019-48378-9
http://orcid.org/0000-0003-3588-6350
http://orcid.org/0000-0003-1120-0246
mailto:dgg@biomed.au.dk


2Scientific RepoRtS |         (2019) 9:11882  | https://doi.org/10.1038/s41598-019-48378-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

the ECM homeostasis. They produce the structural network for mammalian tissues and are involved in wound 
repair4,5. Fibroblasts can acquire an activated and immunoregulatory phenotype6. Moreover, fibroblasts play an 
important role in biological processes like inflammation, angiogenesis, cancer progression, as well as in tissue 
fibrosis6.

The first aim of this study is to focus on the morphology and the growth behavior of fibroblasts exposed to the 
RPM. Since several years, we have studied the behavior of benign and malignant cells with emphasis on prolifera-
tion, cellular differentiation, migration, apoptosis or with focus on the cytoskeleton, focal adhesion and ECM7. In 
this context we exposed human cells of various types to s-µg and real microgravity (r-µg)8–13. Normally, most cell 
types grow as a two-dimensional (2D) monolayer in vitro, when they are cultured in culture flasks and incubated 
in a standard cell culture incubator at 1g normal laboratory conditions on Earth. The cells leaving the monolayers 
in µg assemble in a scaffold-free manner to three-dimensional (3D) multicellular spheroids (MCS) or to tubular 
structures, depending on the cell type8–13. This change in phenotype occurs during spaceflights as well as during 
exposure to µg-simulators14–16. It is accompanied by alterations of the cytoskeletal network as well as by changes 
in the gene expression, protein synthesis and secretion patterns7,17.

The second aim of this study is to study possible changes in the ECM (laminin, fibronectin, proteoglycans, 
osteopontin), the cytoskeleton (actin, tubulin, vimentin), and focal adhesion (FA) factors (vinculin, talin-1, 
E-cadherin, focal adhesion kinase 1) of NHDF exposed to the RPM. It is known that fibronectin is involved in 
spheroid formation of thyroid cancer cells18.

It has been found earlier that spheroids generated from periodontal fibroblasts using the liquid over-
lay technique were able to adhere to biological membranes and might be used as an adjunct for periodontal 
regeneration19. Moreover, fibroblasts are often used for co-cultures with cancer cells as a model for epithelial–
mesenchymal transition in vitro20. As a major component of the tumor microenvironment, cancer-associated 
fibroblasts are involved in cancer progression and drug resistance21. For these studies often scaffolds are used. 
Growing 3D constructs in space or using µg provided by the RPM as a technology for tissue-engineering (TE) 
makes it possible to work without any scaffolds. This type of MCS has to be characterized. Therefore, it is neces-
sary to investigate structure, morphology, ECM, cytoskeleton together with FA factors in NHDF in more detail.

Another objective is to investigate expectable changes in growth factors (connective tissue growth fac-
tor (CTGF), epidermal growth factor (EGF), vascular endothelial growth factor (VEGF), and cytokines 
(interleukin-6 (IL-6), interleukin 8 (IL-8). In addition, we focused on changes in the productive potential of 
fibroblasts by investigating their collagen synthesis (collagen type I, III and IV) and metabolism (tissue inhibitor 
of metalloproteinases 1 (TIMP1), matrix metalloproteinases (MMPs)). We studied these factors because some 
of them are known to promote growth of human cells. CTGF and EGF had shown to be involved in spheroid 
formation of thyroid cancer cells in space16. VEGF is known to be involved in 3D growth of endothelial cells22 and 
the cytokines IL-6 and IL-8 improved spheroid formation of thyroid cancer cells under 1g-conditions using the 
liquid-overlay technique to engineer MCS23.

Finally, we investigated possible interactions of the genes and proteins determined in NHDF exposed to the 
RPM and performed a pathway analysis.

Results and Discussion
Characterization and morphology of juvenile normal human dermal fibroblasts exposed to the RPM.  
A main objective of this study was to examine structural alterations in juvenile NHDF exposed for three days 
(3d) to the RPM. We studied the morphology of adherent cells and of 3D MCS. Phase contrast microscopy 
showed that the NHDF cultured under static 1g-conditions grew as a normal two-dimensional (2D) monolayer, 
when the flasks were placed next to the RPM in a commercially available incubator (Fig. 1A). The cells revealed 
a spindle-shaped morphology. They were disjointed and scattered, when covering the cell culture flask bottom. 
However, after a three-day exposure of NHDF to the RPM, two phenotypes were found: one part of the fibroblasts 
grew as 3D MCS and the other one remained adherently and grew as a 2D monolayer (Fig. 1B,C). Both cellular 
phenotypes were investigated by qPCR, Western blotting, and immunofluorescence staining (IFS). The adherent 
cells were further studied by flow cytometry. Multianalyte Profiling (MAP) technology was used to measure the 
cytokine levels in the cell culture supernatants.

MCS formation after exposure to conditions of s-µg had been repeatedly reported with various cell types, such 
as EA.hy926 endothelial cells, normal thyroid cells (Nthy-ori 3-1), FTC-133 follicular thyroid cancer cells and 
MCF-7 breast cancer cells8–13. Studies with NHDF exposed to a RPM can increase the current knowledge in TE. 
The RPM is an interesting device widely used for TE24–26. Fibroblasts can be used for co-culture experiments in 
order to e.g. trigger formation of vessels and other tissues and thus, it is important to know whether fibroblasts 
can grow as 3D MCS or remain growing adherently in the cell culture flasks.

In addition, future co-culture models of fibroblasts, endothelial cells and cancer cells using the RPM may allow 
a further understanding of metastasis and tumor progression. The interaction among heterotypic fibroblasts and 
cancer cells contributes to cancer progression. Therefore, understanding its complex microenvironment is impor-
tant. NHDF can be used in co-cultures with various malignant cell types. Today MCS are cultured to examine 
the molecular mechanisms involved in tumorigenesis, cancer biology, angiogenesis and for drug testing of e.g. 
chemotherapeutic agents or tyrosine kinase inhibitors. In addition, MCS are studied in toxicology and radiation 
biology. Clarifying the mechanisms of µg-dependent changes is an up-to-date topic for increasing the current 
knowledge in space medicine and developing new therapeutical options or countermeasures that can be trans-
lated to in vivo models, while sparing laboratory animals. In this regard, the science areas TE, cancer research and 
pharmacology merge smoothly.

As mentioned above, we observed that in the s-µg-group one part of the cells grew in MCS floating in the 
medium, while another part grew in MCS that were still in connection with the adherent cell monolayer (AD). 
Hematoxylin-Eosin (HE; Fig. 1D–F) and Elastica van Gieson (EvG; Fig. 1G–I) staining showed these MCS 
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(Fig. 1E,F,H,I), which were not observed in the 1g-control cells (Fig. 1D,G). Additionally, there was a group of 
pre-MCS (Fig. 1B). These initially unicellular configurations resemble an intermediate stage, which is still adher-
ent to the bottom of the culture flask and will develop into fully developed MCS. Cell culture flasks of juvenile 
fibroblasts generally showed a large number of MCS after a 3-day RPM-exposure. An intermediate type was also 
detectable in endothelial cells (EC) exposed to an RPM. The EC grew either within a monolayer adhering to the 
culture flask bottom, or within an elongated cellular aggregate floating in the culture medium or within an assem-
bly of cells consisting mainly of two cell rows still in contact with the plastic dish surface27. These double-row EC 
assemblies were considered to be progenitors of the elongated cylindrical structures (called tubular structures) 
tissue engineered on the RPM27.

Also in cancer cell and EC lines, AD and MCS cells were found in each culture flask mounted on the RPM. 
This raised the question, why individual cells of one population behave differently. Until now, preliminary hints 
were observed, which could explain the different behavior of individual cells of a given population. Flow cyto-
metric and electrophoretic studies revealed a considerable quantitative variation of distinct surface related bio-
chemical components between the individual cells of a thyroid cancer cell line28,29. In addition, ASAP1, a protein 
whose overexpression destabilizes the interaction of focal adhesion kinase 1 and paxillin30 was found only in 
FTC-133 MCS cells31. SRC that loosens E-cadherin-E-cadherin binding within the tight junctions by phospho-
rylation was lacking in MCF-7 AD cells11. Furthermore, FTC-133 follicular thyroid cancer cells formed more and 
larger spheroids during 3 days of culturing on the RPM than CGTH W-1 cells. By a proteome analysis of the two 
cell populations integrin-α5 and myosin-10 were only detected in the FTC-133 cells. Hence, currently, one may 
assume that some key proteins, responsible for spheroid formation, reach a critical accumulation threshold only 
in a part of the cells of a population. Therefore, we included flow cytometry in this study as an additional tool to 
quantify proteins.

Impact of simulated microgravity on extracellular matrix proteins, the cytoskeleton, and focal 
adhesion factors. In a next step, we first focused on the ECM proteins laminin, fibronectin, aggrecan, chon-
droitin sulfate and osteopontin. The ECM plays a key role in cell adhesion, migration, proliferation and growth 
and may be altered by gravitational unloading. The ECM is responsible for the structure of the tissues. Three 
groups of samples were collected at day 3: 1g-control group, RPM-AD group and RPM-MCS group. To investi-
gate possible changes in the ECM composition after a 3-day RPM-exposure, we performed IFS of each group and 
investigated laminin (Fig. 2A–C) and fibronectin (Fig. 2D–F).

Figure 1. Characterization of morphological alterations in juvenile NHDF cells after a three-day RPM-
exposure. Phase contrast microscopy images of 1g-control cells (A), RPM-AD (B) and RPM-MCS (C). 
Hematoxylin-Eosin staining of 1g-control cells (D), RPM-AD (E) and RPM-MCS (F). Elastica van Gieson 
staining of 1g-control cells (G), RPM-AD (H) and RPM-MCS (I). Scale bars: 50 µm.
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Figure 2. Changes in the ECM composition of NHDF after a three-day RPM-exposure: Immunofluorescence 
images of 1g-control cells, RPM-AD and RPM-MCS of laminin (A–C) and fibronectin (D–F). Transcriptional 
and translational laminin analysis: Quantitative gene expression levels of LAMA3 (G), intracellular laminin 
levels (H) and flow cytometric analysis of laminin-labeled cells (I) displaying the percentage of laminin-
positive cells as well as alteration of the median fluorescence intensity (MFI). Transcriptional and translational 
fibronectin analysis: Quantitative gene expression levels of FN1 (J), intracellular fibronectin levels (K) and 
flow cytometric analysis of fibronectin-labeled cells (L). Transcriptional and translational aggrecan analysis: 
Quantitative gene expression level of ACAN (M), intracellular aggrecan levels (N) and flow cytometric analysis 
of chondroitin sulfate-labeled cells (O). Transcriptional and translational osteopontin analysis: Quantitative 
gene expression levels of SPP1 (P), intracellular osteopontin levels (Q) and flow cytometric analysis of 
osteopontin-labeled cells (R). Full-length blots of cropped Western blot images are presented in Supplementary 
Fig. S1. *p < 0.05 1g vs. RPM; #p < 0.05 AD vs. MCS. Scale bars: 50 µm.
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While a quantitative analysis of fluorescence intensities for laminin and all other IFS pictures was not made 
due to the fact that the 3D nature of the MCS results in a cumulative fluorescence signal caused by multiple 
cell layers, thus most certainly causing artifactual measurements, qualitative changes were assessable. Compared 
to the 1g-control, RPM-adherent (AD) cells seemed to exhibit a slightly smaller ratio of fibrous vs. granular 
laminin-positive structures. In addition, the fibres in AD cells were less organized (Fig. 2B). The highly packed 
MCS did not allow for a more detailed examination of laminin structures (Fig. 2C). In qPCR analyses we found 
a significant LAMA3 mRNA increase in the MCS group (Fig. 2G). Western blotting revealed a slight increase in 
MCS, which was not significant compared to 1g-controls (Fig. 2H). The amount of laminin-positive AD cells was 
reduced, but they exerted a higher median fluorescence intensity (MFI) as determined by flow cytometry (Fig. 2I). 
Laminin and fibronectin were expressed in a lower number of cells, but laminin- and fibronectin-positive cells 
showed higher average protein levels as reflected by MFI (Fig. 2I,L).

Laminin is a glycoprotein and a substantial part of the basal laminae32. It is also a cell adhesion molecule and 
it became apparent that laminin is a gravi-sensitive protein. Changes in the amount of laminin in MCS had also 
been detected in earlier studies investigating cardiac fibroblasts, follicular thyroid cancer cells or endothelial cells 
after RPM-exposure22,33,34. These results are cell type-specific. Human adult retinal epithelium (ARPE-19) cells 
revealed a significant reduction of LAMB2 mRNA and laminin protein after a 5-day and 10-day RPM-exposure17.

The visualization of fibronectin by IFS showed no discernable differences in fibronectin structure and distri-
bution between 1g-controls (Fig. 2D), AD cells (Fig. 2E), and MCS (Fig. 2F). qPCR analyses, revealed a significant 
1.5-fold increase in the FN1 gene expression in AD cells (Fig. 2J). Fibronectin is the main mediator of cell-ECM 
interaction35 and an important factor involved in early wound repair36,37. In addition, the corresponding pro-
tein was elevated in RPM-AD and RPM-MCS (Fig. 2K). The number of fibronectin-positive RPM-AD cells was 
reduced compared to 1g-cells, but they exerted a significant higher MFI (Fig. 2L).

We further focused on the gene expression of the ECM components aggrecan (ACAN) and osteopontin 
(secreted phosphoprotein 1 (SPP1)). qPCR analyses revealed a significant decrease in the ACAN gene expres-
sion in MCS as compared to the other groups (Fig. 2M). This observation was coherent with the Western blot 
data (Fig. 2N). We also studied chondroitin sulfate (CS) by flow cytometric analysis and found an increase in 
CS-positive cells on the RPM (Fig. 2O). The proteoglycan aggrecan, best known for its water binding capacity via 
hydrated gel structures in hyaline- and fibrocartilage38, acts as chondro-protective as well as anti-inflammatory 
agent and inhibitor of chondrocyte apoptosis39. Interestingly, this finding was reciprocal, when investigating 
osteopontin. Although not significant in qPCR data, the SPP1 gene expression was almost 4-fold elevated in MCS 
cells as compared to 1g-control cells (Fig. 2P). In addition, the osteopontin protein was significantly elevated in 
MCS compared to the other groups (Fig. 2Q). We were further able to confirm this data with the results from flow 
cytometry (Fig. 2R). This supports our findings from previous studies22.

Taken together, the enhancement of fibronectin proteins in MCS is no novel finding and is comparable with 
earlier results deriving from the TE of preliminary vessels40. Increases in fibronectin were also found in tube-like 
structures of EC after a 35-day RPM-exposure41. In addition, 3D human hair dermal papilla spheroids revealed an 
increase in ECM proteins compared to 1g-cultures42. Similar results were measured in MCS when thyroid cancer 
spheroids exposed to an RPM were investigated43,44. A key role of fibronectin is indicated for all phases of wound 
healing36. Furthermore, an enhanced fibronectin mRNA is detectable in abnormal wound healing when keloids 
are formed45. Astronauts suffer of an abnormal wound healing and thus, it is important to increase the current 
knowledge about the changes in fibroblasts cultured in µg in regard to their ECM synthesis35. ECM proteins, 
adhesion molecules, and cytoskeletal proteins form a dynamic network interacting with signalling molecules as 
an adaptive response to µg.

Therefore, secondly, we investigated the cytoskeletal factors vimentin, tubulin and actin in NHDF exposed 
to the RPM. IFS of the intermediate filament vimentin was performed to further characterize the morphological 
changes under s-µg-influence with regard to the cytoskeleton, where we found no differences between 1g-controls, 
AD and MCS (Fig. 3A–C). The corresponding VIM gene expression was not changed in all groups (Fig. 3D). On 
the other hand, we found a highly significant increase of the RPM-AD protein content in comparison to the other 
groups (Fig. 3E). The occurrence of vimentin in NHDF cells is evident by their mesenchymal origin. As a type-3 
intermediate filament it plays a major role in establishing the cytoskeletal framework of the cell46. In recent breast 
cancer cell studies vimentin was described as a mediator of cytoskeletal organization in epithelial to mesenchy-
mal transition in metastasis, where it plays a role in altering cell shape and allowing motility and adhesion47. It 
is known that fibroblasts and other benign cells are used by a developing cancer to form its own tumor-specific 
stroma that is afterwards able to influence cancer progression and metastasis48. These cancer-associated fibro-
blasts (CAFs) can be obtained by the activation of normal fibroblasts with cancer cell conditioned fibroblast 
growth media using breast cancer cells or other cancer types. Activated human primary mammary fibroblasts 
HPMFs exerted an upregulation of vimentin and desmin among others48.

CAFs will be investigated scaffold-free on an RPM to study the influence of µg on these cells and were used for 
co-culture experiments. These studies will be performed in the future.

To further investigate the impact of an RPM-exposure on the cytoskeleton, we performed qPCR and Western 
blot analyses of various other components of the cytoskeleton. Investigating TUBB gene expression and its 
β-tubulin protein no significantly change was detectable (Fig. 3F,G).

In addition, we focused on the actin gene expression and protein content. Actin is a dynamic structural pro-
tein and microfilament with a diameter of about 7 nm, and is responsible for the stability of the cell, cell move-
ment and among others for the formation of microvilli, pseudopodia, adherence junctions and tight junctions. 
First, we investigated the ACTB gene expression, which was not significantly changed (Fig. 3H). Pan-actin protein 
was also not changed in MCS compared to 1g-controls (Fig. 3I). There was a slight decrease in the alpha smooth 
muscle actin gene (ACTA2) in AD and MCS samples compared to 1g-control samples (Fig. 3J). Although the 
qPCR data did not show any significant changes, the Western blot results revealed a significant reduction in 
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the MCS group compared to 1g (Fig. 3K). β-actin protein was not changed in all samples, and served as loading 
protein for the Western blot analyses. β-actin as major component of the cytoskeleton and β-tubulin as essential 
part of microtubules play major roles in the cytoskeletal integrity, cellular motility and migration49–51. This is a 
very interesting finding because these results demonstrate that the cytoskeletal genes and proteins are stable after 
a 3-day s-µg-exposure of NHDF. This is noteworthy, as other cell types, such as chondrocytes, thyroid cancer 
cells or breast cancer cells exhibited more pronounced changes in the cytoskeletal conformation after exposure 
to both short- and long-term r- or s-µg38,46,52–54. Moreover, earlier studies have shown that fibroblasts cultured in 
hypergravity of 20g for 8 days revealed only moderate cytoskeletal changes and that accelaration forces below 15g 
had no effect at all55. This is an indication that the extent of cellular changes in response to altered gravity condi-
tions is cell type-specific and we speculate that fibroblasts are comparatively more resistant against this kind of 
mechanical challenge than other cells.

In summary, these observations are new and obviously the ECM and the cytoskeleton of fibroblasts are affected 
and altered in earlier phases by µg. The cytoskeletal role in sensing gravitational changes was previously stated by 
the tensegrity model56–59. Subsequently, the cytoskeletal role on initiating cell signaling changes of NHDF under 
µg-conditions, e.g. apoptotic behavior, has to be further investigated at earlier phases obtained during a parabolic 
flight campaign or sounding rocket mission.

Moreover, thirdly we focused on focal adhesions in NHDF exposed to the RPM. FAs, also called cell–matrix 
adhesions, are subcellular structures mediating cellular signaling in response to ECM adhesion and serve as 
mechanical linkages to the ECM. To further investigate the impact of a RPM-exposure to NHDF, we focused 
on FA proteins, as NHDF cells tend to grow three-dimensionally. FAs play an important role in this process, e.g. 
through sensing of the µg-environment60,61. To further characterize alterations in FA proteins, we focused on 
vinculin as a major protein of interest. Vinculin is a protein with profound impact on cell-matrix adhesion and 
intercellular junctions and plays a major role in fibroblast-mediated wound healing62. Additionally, it has a vital 
role in mechanotransduction with integrins at focal adhesion sites63. Vinculin also directly interacts with talin, 
integrins and actin, hence allowing a proper cellular migration and orchestrating focal adhesion64. Vinculin is a 
component of the adherence junctions. It mediates cellular and extracellular signals.

Structural and morphological changes in vinculin were made visible by IFS (Fig. 4A–C). It became apparent, 
that there was a distinct reduction of the amount of micro-spiculae in the RPM-AD (Fig. 4B) and RPM-MCS 
groups (Fig. 4C), when comparing them to the 1g-control cells (Fig. 4A). Analysis of the VCL gene expression 
profile showed a tendency to decrease in the RPM- and AD-group (Fig. 4D). Furthermore, the protein content of 

Figure 3. Cytoskeletal changes in NHDF cells after a 3-day s-µg-exposure: Immunofluorescence images of 
1g-control cells, RPM-AD and RPM-MCS of vimentin (A–C). Transcriptional and translational vimentin 
analysis: Quantitative gene expression levels of VIM (D) and intracellular vimentin levels (E). Transcriptional 
and translational β-tubulin analysis: Quantitative gene expression levels of TUBB (F) and intracellular β-tubulin 
levels (G). Quantitative gene expression levels of ACTB (H). Intracellular pan-actin levels (I). Transcriptional 
and translational alpha smooth muscle actin analysis: Quantitative gene expression levels of ACTA2 (J) and 
intracellular alpha smooth muscle actin levels (K). Full-length blots of cropped Western blot images are 
presented in Supplementary Fig. S2. *p < 0.05 1g vs. RPM; #p < 0.05 AD vs. MCS. Scale bars: 50 µm.
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vinculin was not changed in the MCS group (Fig. 4E). Flow cytometry reveled a significant reduction of vinculin 
in the RPM-AD group and an increase in MFI (Fig. 4F).

Another important component of the focal FAs is the cytosolic and mechanosensitive protein talin. It links 
integrin direct and indirect via vinculin to the cytoskeleton. Talin-1 plays a role in extravasation, cell adhesion, 
trans-endothelial migration and invasion. In addition, integrins bind to talin and talin binds to vinculin and 
thus they influence cell adhesion. The integrin receptors are involved in the attachment of adherent cells to the 
ECM. Talin connects the integrins to the actin cytoskeleton and acts as mechanotransductor. Our qPCR data for 
integrin-β1 (ITGB1) showed a highly significant increase of the ITGB1 gene expression in the AD group com-
pared to the 1g-control group. ITGB1 was not changed in MCS (Fig. 4G). The corresponding integrin-β1 protein 
was not altered in all groups (Fig. 4H). The talin-1 (TLN1) gene expression was not changed in all cell samples 
(Fig. 4I). A clear reduction of talin-1 protein was measured in MCS (Fig. 4J).

Integrin-β1 is a crucial cell surface receptor that mediates binding of the cell with its surrounding ECM. 
Additionally, it has a signaling function leading to modulation of gene expression within the cell65, and plays an 
important role in processing mechanotransduction66. Talin, together with fibronectin, laminin, integrin-β1 and 
vinculin, plays a major role in focal adhesion processes12. The same role applies to focal adhesion kinase (FAK/
protein tyrosine kinase 2 (PTK2)) and E-cadherin, of which the latter is largely contributing to the formation 
of MCS67. In addition, FAK had been shown to play a crucial role in mechanosensing and -transduction68. It 
is also involved in migration, it links to the ECM and the cytoskeleton. After a three-day RPM-exposure, the 
FAK1/PTK2 gene expression was not changed in all groups (Fig. 4K). FAs are composed of different functional 

Figure 4. Alterations in focal adhesion-associated genes and proteins after a 3-day s-µg-exposure: 
Immunofluorescence images of 1g-control cells, RPM-AD and RPM-MCS of vinculin (A–C). Transcriptional 
and translational vinculin analysis: Quantitative gene expression levels of VCL (D), intracellular vinculin 
levels (E) and flow cytometric analysis of vinculin-labeled cells (F). Transcriptional and translational 
integrin-β1 analysis: Quantitative gene expression levels of ITGB1 (G) and intracellular integrin-β1 levels 
(H). Transcriptional and translational talin analysis: Quantitative gene expression levels of TLN1 (I) and 
intracellular talin-1 levels (J). Quantitative gene expression levels of FAK1/PTK2 (K). Intracellular E-cadherin 
levels (L). Transcriptional and translational caveolin-1 analysis: Quantitative gene expression levels of CAV1 
(M) and intracellular caveolin-1 levels (N). Full-length blots of cropped Western blot images are presented in 
Supplementary Fig. S3. *p < 0.05 1g vs. RPM; #p < 0.05 AD vs. MCS. Scale bars: 50 µm.
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modules separately controling mechanosensing and the cellular mechanoresponse. PTK2 (FAK) has shown to 
be involved in directing the cellular answer by controlling lamellipodial protrusions and cell migration69. FAK 
is involved in the regulation of adhesion, a process which occurs early. The unaltered gene expression after three 
days may be explained that the biological response of the cells to gravitational unloading occurred within minutes 
after starting the RPM and the exposure of the NHDF to µg-conditions.

Moreover, we measured E-cadherin protein which is involved in cell-cell adhesion and necessary for wound 
healing70. E-cadherin protein was significantly enhanced in the MCS group vs. 1g and AD cells (Fig. 4L), which is 
an interesting finding and hints to its importance for 3D growth and MCS formation of fibroblasts. In contrast, in 
breast cancer cells exposed to r-µg and s-µg it was demonstrated that E-cadherin protein was significantly reduced 
and is involved in cell adhesion processes, and plays a significant role in tumorigenesis11,71. In addition, blockage 
of E-cadherin and a down-regulation of CDH1 led to enhanced spheroid formation of MCF-7 breast cancer 
cells11. Changes in the E-cadherin protein synthesis can lead to tumor progression. Pathway analyses indicate that 
VCL protein has an activating effect on CDH171.

Another important group of proteins known to be involved in 3D growth of cells are the caveolins. Caveolin-1 
is involved in the induction of apoptosis and inhibits the TGF-β1-induced production of ECM. In contrast to 
previous data with thyroid cancer cells13,72, caveolin-1 (CAV1) was not changed in AD and MCS cells (Fig. 4M). 
However, the caveolin-1 protein content in AD was counter-regulated and significantly elevated compared to 
1g and MCS (Fig. 4N). This finding is different as compared to data obtained from cancer cells, where caveolin 
has demonstrated to be a key inhibiting regulator of 3D growth in malignant thyroid cancer cells72. Obviously 
caveolin-1 has different effects in normal cells, which has to be further examined in the future. CAV1 has been 
associated with the regulation of cell mechanics, including cell softening and loss of stiffness sensing ability in 
NIH3T3 fibroblasts73. CAV1 controls the hyperresponsiveness of fibroblasts to mechanical stimulation73 and is 
involved in the progression of keloids during wound healing. The authors showed that an epigenetically decreased 
CAV1 elevated fibrogenesis-associated RUNX2 and influences the cell mechanics. Long-term studies of NHDF 
and NIH3T3 exposed to s-µg and to vibrations using a Vibraplex device should be performed in the future.

Growth factors, cytokines and collagen metabolism. In a next step, we investigated growth fac-
tors known to be involved in growth and proliferation. CTGF, EGF, transforming growth factor beta (TGF-β) 
and VEGF-A all contribute to the stimulation of growth in different cell types. CTGF and EGF mRNAs were 
up-regulated in thyroid cancer cells exposed to r-µg in space and are responsible among others for the formation 
of MCS16.

We detected a significant up-regulation of TGFB1 gene expression of AD and a slight, not significant elevation 
in MCS as compared to 1g-control cells (Fig. 5A). TGF-β1 is a multifunctional cytokine and plays a major contex-
tual role in cellular proliferation, adhesion and differentiation, consequently being a target in therapy of malig-
nant diseases74. It is also stimulating adhesion, migration and influencing the growth behavior of normal cells.

CTGF gene expression and protein content were not significantly altered in AD and MCS cells (Fig. 5B,C). 
This is different compared to the results obtained from malignant cells like FTC-133 thyroid cancer cells. The 

Figure 5. Investigation of selected growth factors after a 3-day s-µg-exposure of normal human dermal 
fibroblasts: Quantitative gene expression levels of TGFB1 (A). Transcriptional and translational connective 
tissue growth factor (CTGF) analysis: Quantitative gene expression levels of CTGF (B) and intracellular CTGF 
protein levels (C). Intracellular EGF protein levels (D). Transcriptional and translational vascular endothelial 
growth factor A (VEGF-A) analysis: Quantitative gene expression levels of VEGFA (E) and intracellular 
VEGF-A protein levels (F). Full-length blots of cropped Western blot images are presented in Supplementary 
Fig. S4. *p < 0.05 1g vs. RPM; #p < 0.05 AD vs. MCS.
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CTGF gene expression was down-regulated in MCS of thyroid cancer cells exposed for three days to the 2D 
clinostat and RPM, whereas in the AD group the CTGF mRNA was not changed compared with 1g-controls13. 
In addition, we found no change of the EGF mRNA in AD and MCS cells (Fig. 5D). The reason for this different 
behavior of the fibroblasts may be their mesenchymal origin. It may be speculated that CTGF and EGF are not 
involved in 3D formation of normal fibroblast spheroids. This contrasts findings obtained from the Sino-German 
Shenzhou-8 spaceflight mission, where the experimental findings revealed a scaffold-free formation of extraordi-
nary large 3D MCS by FTC-133 cells with an increased expression of EGF and CTGF genes under r-µg and on the 
RPM16. These differences might be explained by the longer experiment duration of 10 days. The impact of launch 
stress and the influence of cosmic radiation may not play a role because the accompanying RPM experiment 
revealed a comparable result16.

In a further step, we focused on VEGF-A which plays a major role in cell growth and angiogenesis. Angiogenesis, 
the development of new vessels from existing vasculature, is important for tumor and normal cell growth, survival, 
and progression. On the molecular level, these biological processes are affected by a number of cytokines, among 
which the VEGF family and their related receptors, have an exceptional position75. A recent study showed a 
down-regulation of VEGFA in endothelial cells exposed to short-term r-µg obtained during parabolic flight maneu-
vers and vibration75. VEGF-A has recently been described as an important regulatory protein in tube formation12,76. 
Our research group was able to show an elevated VEGF-A level in cellular supernatants of endothelial cells after 
a 35-day culture on the RPM41. In this study, the VEGFA gene expression and corresponding protein were not 
changed after a 3-day RPM-culture (Fig. 5E,F).

Moreover, we investigated the synthesis and release of gravi-sensitive cytokines (IL-6, IL-8, MCP-1) and the 
expression of TNFA, RELA, ICAM1 and JNK1. Recently, we demonstrated the profound influence of interleukin-6 
(IL-6) and interleukin-8 (IL-8) on spheroid formation in cancer cells, when cultured on the RPM and under 
1g-conditions, applying the liquid-overlay technique23. Hence, we focused - among others - on these interleukins 
to further characterize the signaling pathways in NHDF. Additionally, an investigation of the cytokine levels 
in the supernatants of NHDF cells was performed using Multi-Analyte Profiling (MAP) technology (Human 
Cytokine MAP® A v1.0, Myriad RBM, Inc.). Of all investigated cytokines (GM-CSF, IFN-γ, IL-2, IL-3, IL-4, 
IL-5, IL-6, IL-7, IL-8, IL-10, IL-18, MIP-1α, MIP-1β, TNFα, TNF-β) only three (IL-6, IL-8, MCP-1) showed a 
substantial occurrence above the lower limit of quantification (LLOQ). The soluble proteins identified by MAP 
were measured regarding their mutual interactions and their influence on proteins, which were associated with 
the cells secreting the soluble proteins and had been identified in earlier studies12,13,77.

The IL6 gene expression and protein content were not changed (Fig. 6A,B). The IL-6 protein secretion was 
slightly reduced in RPM-samples (Fig. 6C). In contrast, we measured a significant increase in the IL8 (CXCL8) 
gene expression (Fig. 6D) and the amount of IL-8 protein in MCS (Fig. 6E). This was paralleled by a tenden-
tially higher secretion of IL-8 protein in the RPM group (Fig. 6F). However, the changes in IL-6 and IL-8 corre-
spond with our findings from previous studies12,23,41. Interestingly, the obtained MAP analysis is coherent with 
the respective Western blot data. The interleukin IL-8 had been suggested to induce the expression of several 
proteins like β-actin, integrin-β1 and talin, and support their key role in tumor progression, metastasis and angio-
genesis23,78. Grosse et al. showed in 2012 that IL-6, IL-8, OPN, TLN1, CTGF, and NF-κB play a large contributory 
role in RPM-dependent thyroid carcinoma cell spheroid formation79. A direct influence of IL-8 protein on MCS 
engineered under normal 1g-conditions using the liquid-overlay technique was demonstrated on FTC-133 and 
ML-1 follicular thyroid cancer cell cultures23.

In addition, we focused on monocyte chemoattractant protein-1 (MCP-1, C-C motif chemokine ligand 2 
(CCL2)), which is a key member of the large family of chemokines regulating mainly cell trafficking. MCP-1 
itself is associated with regulating migration and infiltration of monocytes/macrophages80. A large number of 
studies focused on MCP-1 and its involvement in various diseases. A high or constitutive expression level of 
CCL2 is often observed81. The human thyroid Nthy-ori 3-1 cells secrete MCP-1 after 24 h in a continually increas-
ing amount, although no differences could be observed between normal gravity and s-μg12. The gene expres-
sion of CCL2 was not changed (Fig. 6G), but MCP-1 protein was significantly increased in MCS cells (Fig. 6H). 
Furthermore, the MAP analysis showed a clearly decreased MCP-1 level in RPM supernatants (Fig. 6I). An 
up-regulation of the CCL2 mRNA was also measured in AD cells and a down-regulation of MCP1 was also found 
in UCLA RO-82-W-1 follicular thyroid cancer spheroids formed after a 24-hour RPM-exposure77.

In addition, we investigated tumor necrosis factor alpha (TNFα) (Fig. 6J) and nuclear factor ‘kappa-light-chain- 
enhancer’ of activated B-cells (NF-κB) (Fig. 6K,L), which are both playing a role in apoptosis, cell survival and cell 
detachment79. TNFA was not altered in RPM samples, which indicate that it is not supporting the MCS formation 
of NHDF (Fig. 6J). It was earlier reported that FTC-133 thyroid cancer cells grown on the RPM showed higher 
levels of NF-κB p65 (RelA) protein and apoptosis than 1g-controls, a result also found earlier in endothelial 
cells79. The V-rel avian reticuloendotheliosis viral oncogene homolog A (RELA) mRNA remained unchanged in 
all groups (Fig. 6K). Furthermore, NF-κB p65 protein was not significantly altered (Fig. 6L). Therefore, NF-κB 
p65 seems not to be involved in the RPM-dependent NHDF spheroid formation, which is in contrast to tumor 
cells. In earlier studies, we had demonstrated the involvement of NF-κB p65 in MCS formation of thyroid cancer 
cells79 and MCF-7 breast cancer cells8. To our knowledge this is the first report that NF-κB p65 is not influencing 
the 3D growth of NHDF.

Finally, we evaluated the ICAM1 gene expression in this setting and could demonstrate that ICAM1 in NHDF 
was not significantly altered by RPM-exposure (Fig. 6M). Other investigated cytokines were c-Jun N-terminal 
kinases (JNKs), known to be involved in apoptosis, neurodegeneration, cell differentiation and proliferation31.

JNK1 or mitogen-activated protein kinase 8 is a mediator to cellular external stimuli that plays a contribu-
tory role in TNFα-mediated apoptosis through MAPK/JNK pathway82 and ICAM-1, a surface protein contribut-
ing to cell-cell interaction and interacting with integrin-β1 and believed to promote MCS formation8. However, 
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Figure 6. Analysis of selected cytokines after a 3-day s-µg-exposure: Transcriptional and translational IL-6 
analysis: Quantitative gene expression levels of IL-6 (A) and intracellular IL-6 levels (B), release of IL-6 
(C). Transcriptional and translational IL-8 analysis: Quantitative gene expression levels of CXCL8 (D) and 
intracellular IL-8 levels (E), release of IL-8 (F). Transcriptional and translational MCP-1 analysis: Quantitative 
gene expression levels of CCL2 (G), intracellular MCP-1 levels (H), release of MCP-1 (I). Quantitative gene 
expression levels of TNFA (J). Transcriptional and translational NF-κB p65 analysis: Quantitative gene 
expression levels of RELA (K) and intracellular NF-κB p65 levels (L). Quantitative gene expression levels of 
ICAM1 (M). Transcriptional and translational JNK1 analysis: Quantitative gene expression levels of JNK1 (N) 
and intracellular JNK1 protein levels (O). Full-length blots of cropped Western blot images are presented in 
Supplementary Fig. S5. *p < 0.05 1g vs. RPM; #p < 0.05 AD vs. MCS.
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JNK1 levels in MCS were not significantly changed compared to 1g, but significantly elevated compared to AD 
(Fig. 6N,O).

To our best knowledge this is the first report showing that IL-8 might be an important trigger of spheroid 
formation in dermal fibroblasts, while IL-6 and NF-κB p65 which are both important inducers of metastasis 
in cancer seem not to be involved in 3D growth in benign fibroblasts. Future functional tests will prove these 
observations.

Moreover, we studied the collagen synthesis and metabolism of NHDF and focused on collagen type I, III and 
IV, as well as on the expression of TIMP1, MMP1, MMP3, and MMP14. As previously mentioned, fibroblasts are 
the key cell type to maintain a proper dermal function. They synthesize collagen, the main structural component 
of the skin providing a structural framework and elasticity. Lack of collagen or improper collagen homeostasis 
(e.g. in the aging skin or after intensive UV-radiation photodamage) leads to a deficient dermal structure83,84. 
In general, the collagen homeostasis is maintained via collagen synthesis by fibroblasts and the modulation by 
matrix metalloproteinases (MMPs). These MMPs themselves are regulated by tissue inhibitors of metalloprotein-
ases (TIMPs)85. Photoaged skin (e.g. through UV-radiation) is often characterized by a distinct damage of dermal 
connective tissue and a malfunction of the collagen-MMP-TIMP regulation86,87. MMP1 (interstitial collagenase) 
and MMP3 (stromelysin-1) have been shown to be elevated with UV-radiation damage to skin84. MMP1 levels 
have also been elevated in aged skin or been correlated with collagen fragmentation that resembles a malfunction-
ing dermal ECM microenvironment88,89.

As astronauts in space encounter a variety of these environmental factors like UV radiation and vibration, it is 
of interest to investigate the fibroblast reaction, particularly with regard to s-µg, where this interplay of environ-
mental factors is reduced to only one.

IFS of collagen types I and IV revealed a relatively equal distribution within the three groups (Fig. 7A–F). 
The COL1A1 gene expression (Fig. 7G) was not changed in all RPM samples, but the corresponding protein was 
reduced in MCS samples as measured by Western blot (Fig. 7H). In addition, the flow cytometry analyses showed 
a reduced amount of collagen type I-positive AD cells, but with a higher MFI (Fig. 7I).

Regarding the gene expression profile, the obtained data showed a highly significant up-regulation of COL4A5 
in MCS samples (Fig. 7J). This was confirmed by Western blot analysis (Fig. 7K). Flow cytometry revealed no 
change in the amount of collagen type IV-positive cells, but an increase in MFI (Fig. 7L). Collagen type IV is 
an essential contributory part to the cellular basal laminae, which it forms together with entactin, perlecan and 
laminin90,91. Comparing these results with those of laminin protein, this data hints towards a distinct influence 
on the cellular basal lamina configuration, when cells are exposed to s-µg. In addition, we examined the cells 
concerning collagen type III positivity by flow cytometry and measured no changes in 1g and RPM samples, but 
the RPM cells showed an elevated MFI (Fig. 7M). Collagen types I and III are structural proteins of the dermal 
ECM92,93. As collagen type I is synthesized in its pro-collagen precursor state by fibroblasts it forms fibrils that are 
stabilized by cross-linkage84.

Interestingly, in this study, there was also a significant up-regulation of the TIMP1 and MMP1 gene expression 
in MCS compared with the 1g-control group (Fig. 7N,O). In contrast, MMP1 and MMP3 were both significantly 
up-regulated in AD samples. Tissue inhibitor of metalloproteinases inhibit metalloproteinases, which in turn 
are widely known to degrade the ECM and thus participate in remodeling the shape and composition of cell 
aggregates and tissues12. An overexpression of TIMP1 was also implicated in several cancer types and correlated 
with a less-positive outcome for a patient after treatment94. An increase in TIMP1 might be a facilitator of cell-cell 
contacts during the rearrangement of the focal adhesion complex for 3D cell aggregate formation12,95. The matrix 
metalloproteinase 1 (MMP1) is also known as fibroblast collagenase, which is responsible for tissue remodeling 
and the breakdown of collagen type I, II and III. We also examined MMP3 which breaks down various collagen 
types (II, III, IV, IX), and other ECM proteins like proteoglycans, fibronectin, or laminin. In addition, MMP3 can 
activate MMP1, MMP7 or MMP9 revealing that MMP3 is essential in tissue remodeling. The MMP3 gene was 
up-regulated in AD cells compared to 1g (Fig. 7P).

Finally, we focused on MMP14, which is important for the structural remodeling during aging processes. 
MMP14 expression in fibroblasts is important for the collagen remodeling in adult skin and supports the dermal 
homeostasis96. MMP14 was clearly decreased in MCS compared to 1g-controls (Fig. 7Q).

Taken together, the expression and amount of the basal lamina component collagen type IV was significantly 
elevated in MCS, indicating its importance for the 3D growth of fibroblasts. In parallel, TIMP1, MMP1 mRNAs 
were significantly up-regulated and MMP14 down-regulated in MCS indicating their involvement in 3D growth. 
The meaning of these findings has to be studied in more detail in the future.

In silico analysis of relationships and interaction of studied genes and proteins. After a cohort 
of 27 proteins and genes coding for them has been investigated regarding their accumulation and regulation, 
respectively, we focused on the proteins’ cellular localization and their mutual relationships. The in silico analysis 
of the proteins mentioned above indicated 15 proteins, which are mainly active in the extracellular space, five 
proteins normally inserted in the membrane and seven proteins of the cytoplasm or the nucleus. They form an 
extended network of 48 direct interactions shown by solid lines or arrows and of another 60 ways of mutual influ-
ence as indicated by dashed arrows (Fig. 8A). In this system fibronectin and integrin-β1 play a central role. When 
activated and forming a heterodimer with an appropriate integrin-alpha, integrin-β1 can bind to fibronectin, 
laminin, osteopontin and various collagens via the extracellular domain97,98. Integrin-β1 is activated by binding 
talin and kindlin via its cytoplasmic domain99. The signal of this binding is transferred to the cytoskeleton and 
the FA complex via vinculin and actin100. Vinculin binds to mitogen-activated protein kinase 8 (MAPK8)101 and 
mechanosensing of E-cadherin102. Both components have an influence on NF-κB (RELA, Fig. 8A). Caveolin-1 
regulates integrin-β1 and SRC by forming complexes with both components of the focal FA system103. Production 
of fibronectin is stimulated by the epidermal growth factor104. EGF was slightly reduced in fibroblasts exposed to 
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Figure 7. Alterations in collagen levels of juvenile NDHF cells following a 3-day exposure to microgravity: 
Immunofluorescence images of 1g-control cells, RPM-AD and RPM-MCS of collagen-I (A–C) and collagen-IV 
(D–F). Transcriptional and translational collagen type I analysis: Quantitative gene expression levels of 
COL1A1 (G), intracellular collagen-I levels (H) and flow cytometric analysis of collagen type I-labeled cells 
(I). Quantitative gene expression levels of COL4A5 (J), intracellular collagen-I levels (K) and flow cytometric 
analysis of fibronectin-labeled cells (L). Flow cytometric analysis of collagen type III-labeled cells (M). 
Quantitative gene expression levels of TIMP1 (N), MMP1 (O), MMP3 (P) and MMP14 (Q). Full-length blots 
of cropped Western blot images are presented in Supplementary Fig. S6. *p < 0.05 1g vs. RPM; #p < 0.05 AD vs. 
MCS. Scale bars: 50 µm.
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the RPM (Fig. 5D). This could, according to the presented analysis, be a reason that E-cadherin is enhanced and 
integrin-β1 remains unchanged. Figure 8B shows the influence of the proteins on the expression of the relevant 
genes. This network includes 244 relationships. Looking at the green arrows shown it can be seen that most of the 
arrows start at MAPK8 or EGF. This means that both are main up-regulators of the system. While, as indicated 
above, the EGF protein was slightly lowered in AD cells during incubation on the RPM (Fig. 5D), the expression 
of MAPK8 (JNK1) remained stable under s-µg compared to 1g (Fig. 6N,O). Both entities have equal and different 
targets, as shown by the arrowheads. A possible balance of both systems appears to be a topic of future research.

conclusions
Juvenile NHDF, when exposed to s-µg, grew in form of two different phenotypes, as adherent monolayer and 
as cells in compact MCS (Fig. 1). A similar behavior is also shown by other cell types, when they are cultured 
in space or under s-µg conditions on Earth. Benign cells (chondrocytes105 or thyroid cells12) and thyroid cancer 
cells13,106 also exhibited a comparable growth. As mentioned above and shown by the various flow cytometric 

Figure 8. (A) Pathway studio analysis of investigated proteins. The figure shows all occurring protein-protein 
interactions. The color of shown lines indicates the type of interaction: green line: promotion of indicated 
partner; red line: inhibition of indicated partner. Grey solid lines indicate possible complex formation, solid 
arrows point to direct interaction and dashed arrows to indirect influence. Membrane and nucleus (blue circle) 
mark predominant localization of the proteins. (B) Pathway studio analysis on the expression of investigated 
genes. The color of shown lines indicates the type of interaction: green line: promotion of indicated partner; red 
line: inhibition of indicated partner. Arrows indicate the direction of influence.
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measurements, the reason for this phenomenon is probably due to a different accumulation of distinct, for sphe-
roid formation responsible proteins in the individual cells of a population. The differences between the individual 
cells appear to be more expressed in cell populations cultured on the RPM as compared to the 1g-cultures (Figs 2 
and 7). Though, at the moment one can only speculate about that spreading of protein accumulation. It could be 
due to differences of localization of the cells in a culture flask or to a variation of protein production based on 
regulation of transcription and translation processes. Perhaps both factors play a role.

The differential regulation of several ECM proteins, growth factors, cytokines in connection with matrix met-
alloproteinases showed a picture of interacting proteins (positively or negatively) which clearly strengthens 3D 
growth of the cells exposed to s-µg. The differences and similarities between the adherent population and MCS 
are summarized in Table 1. Major divergences occurring among these two clusters are measured for vimentin, 
laminin, collagen type IV, TIMP1, MMP1, MMP14, E-cadherin, and IL-8. A similar result of both phenotypes 
was found for TGF-β1, ITGB1, FN1, SPP1, and CAV1. These data suggest to evaluate the functional effects of 
these proteins in future investigations. In addition, future studies will be performed to shed light on the mech-
anisms involved in the process of spheroid formation, such as genetic knock-outs or knock-ins in cell lines. 
The membrane components laminin and collagen type IV, fibronectin, IL-8, MMPs and TIMP1 in concert with 
TGF-β1 and integrin-β1 play a major role in our experimental setting.

These new findings with NHDF indicate what may possibly occur in space. The behavior of fibroblasts under 
space conditions is of high interest because the astronaut’s skin is getting thinner (thinned stratum corneum, 
impaired barrier function, and loss of dermal elasticity)3,107 with time. Research in this area is of high interest 
because of the planned space tourism adventures in the near future. Moreover, knowledge about the mechanisms 
of fibroblast spheroid formation helps to increase our understanding in the biofabrication of biological tissues or 
it can be used for co-culture experiments with cancer cells and following drug testing.

Material and Methods
Cell culture. Juvenile normal human dermal fibroblasts (NHDF, catalogue number C-12300; PromoCell 
GmbH, Heidelberg, Germany) were delivered in a cryo-conserved state and cultured in 75 cm2 ventilated cell cul-
ture flasks (Sarstedt AG, Nürnbrecht, Germany). Roswell Park Memorial Institute Medium (RPMI 1640) (Gibco, 
Carlsbad, USA) supplemented with 10% fetal calf serum (FCS) (ThermoFisher, Waltham, USA), 100 IU penicillin 
and 100 µg streptomycin (Biochrom AG, Berlin, Germany) was used under standard conditions of 37 °C and 5% 
CO2. The RPM experiments including control groups were performed by seeding juvenile fibroblasts in 25 cm2 
ventilated cell culture flasks (Sarstedt AG) and allowing 24 h for the cells to attach to the bottom of the flask. A day 
later, the experiment started. In order to reduce shear stress from air inclusions, flasks were filled completely with 
medium. After completion of experiments medium was centrifugated thoroughly for detection of multicellular 
spheroids (MCS).

Random positioning machine. All experiments for simulation of the microgravity conditions were per-
formed using a desktop RPM (Airbus Defence and Space, former Dutch Space, Leiden, Netherlands). The RPM 
was described earlier in detail13,108,109. Briefly, the RPM consists of two perpendicular, independently motor-driven 
frames, with the innermost frame carrying the specimen to be exposed to s-µg. Using a personal computer, the 
frames were operated in the 3D random mode, moving in random directions and speeds, maintaining a mean 
angular velocity of 60 °/s. Over time, this movement pattern will lead to an averaging of the gravitational vector to 
zero, effectively producing a state of s-µg. The quality of the achieved s-µg is best in the center of the two rotational 
axes while some residual acceleration forces are present outside of it. Cell cultures of the RPM-groups were seeded 

Structure AD cells MCS cells

Focal adhesions

gene expression ITGB1↑

intracellular protein Caveolin-1↑ E-cadherin↑, Talin-1↑

Extracellular matrix

gene expression FN1↑
MMP1↑, MMP3↑

LAMA3↑, ACAN↓, COL4A5↑,
TIMP1↑, MMP1↑↑, MMP14↓

intracellular protein
Fibronectin↑
Osteopontin↑
Collagen IV↑

Fibronectin↑
Osteopontin↑↑
Aggrecan↓
Collagen I↓, Collagen IV↑

Cytoskeleton

intracellular protein Vimentin↑ Pan-Actin↑, α-SM Actin↓

Growth factors

gene expression TGFB1↑

Cytokines

gene expression CXCL8↑

intracellular protein IL-8↑, MCP-1↑, JNK1↑

protein release MCP-1↓

Table 1. Biochemical differences between adherently growing (2D) and multicellular spheroid cells (3D 
growth) of NHDF in s-µg.
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as described above and mounted to the RPM platform. The RPM was placed inside an incubator at 37 °C and 5% 
CO2

13. Cell cultures of the 1g-control groups were placed next to the RPM inside the same incubator (Fig. 9A).

Microscopy. Phase contrast microscopy was performed before and after the RPM-experiments to ensure 
cell viability and to detect possible morphological changes of the cell cultures. Phase contrast pictures were 
taken with a Leica DM IL LED microscope equipped with a Leica DFC310 FX digital CCD color camera (Leica 
Microsystems, Wetzlar, Germany). Immunofluorescence-stained cells were analyzed with a Leica DM2000 micro-
scope with light source Leica EL6000. Excitation and emission wavelengths were λexc = 488 nm and λem = 505 nm 
for FITC. All samples were analyzed with the help of the image analysis program Leica Application Suite (Version 
3.7; Leica Microsystems, Wetzlar, Germany).

Hematoxylin-Eosin and Elastica van Gieson staining. After the 3-day RPM-culture of NHDF, the 
1g-cells, adherent s-µg-cells and MCS were carefully washed three times in phosphate buffered saline (PBS) and 
fixed in 4% paraformaldehyde. HE- and EvG-staining procedures were performed to evaluate the cell morphol-
ogy of the NHDF as previously described53,110,111. Briefly, for the HE stain, the cells were fixed with 2% PFA (Carl 
Roth) for 10 min. Following the fixation, the cells were incubated for 5 min with distilled water, then incubated 
for 10 min with an acidic Mayer’s hematoxylin solution (Carl Roth) to stain the cell nuclei blue. The dye was 
removed by washing the sample three times with tapwater.The cytoplasm and other cell structures were stained 
with eosin G (Carl Roth) for 10 min and then washed three times with tapwater. The EvG staining was done 
according to standard procedures by the routine diagnostic laboratory of the Institute of Pathology, University 
Hospital of Regensburg. All samples were visualized by light microscopy, using the Leica DM IL LED microscope, 
as described above.

Immunofluorescence staining. The cells were fixed with a 4% paraformaldehyde solution for 20 min. 
Then they were subjected to membrane permeabilization with ice-cold methanol for 10 min and blocking with 1% 
(weight (w)/volume (v)) bovine serum albumin (BSA, Sigma-Aldrich, Steinheim, Germany) in PBS for 15 min. 
The slides were then released from the flasks and the cells were incubated with primary antibodies (listed in 
Table 2) in a PBS solution with 1% (w/v) BSA for 24 h at room temperature, followed by washing and incubation 
with secondary antibodies (Table 2) in PBS solution with 1% (w/v) BSA for an additional 24 h. Afterwards, the 
cells were washed three times with PBS and prepared for microscopy using Fluoroshield™ mounting media with 
DAPI (4’,6-diamidino-2-phenylindole; Sigma-Aldrich). Slides were kept at 4 °C in a dark box for 2 days before 
microscopical investigation41.

Flow cytometry. The staining procedure for flow cytometry was published earlier14,112. Briefly, PFA-fixed 
cells were carefully scraped off the bottom of the culture flasks, collected in 50-mL tubes and centrifuged for 5 min 
at 1500 × g at room temperature. The pelleted cells were resuspended in PBS, and 105 cells each were transferred 
into two round-bottom tubes and incubated with 0.1% Triton X-100 in PBS for 10 min. The cells in one tube were 
incubated for 90 min with the respective primary antibody, while the other was incubated with PBS. The cells in 

Figure 9. Table-top random positioning machine: Mounted cell culture flasks for RPM-experiments with 
adjacent 1g-control flasks in an incubator (A). RPM-frame without mounted flasks (B,C).
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both round-bottom tubes were then incubated with the secondary antibody (Cell Signaling; 1:1000) for 60 min. 
An overview of the used antibodies and their applied concentrations is given in Table 3. The final measurement of 
the single cells was performed with a FACSCanto™ II (Becton Dickinson, Franklin Lakes, NJ, USA). The analysis 
of the flow cytometry data was carried out with FlowJo 10.4 (FlowJo LLC, Ashland, OR, USA).

RNA isolation and quantitative real-time PCR. The method of RNA extraction and qPCR was pub-
lished earlier in detail8,10,13. Briefly, the RNA isolation was done using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany), with an additional DNase digestion step (Qiagen) in order to eliminate residual DNA contaminations. 
Afterwards, the amount of RNA was quantified using a Photometer Ultrospec2010 (Amersham Biosciences, 
Freiburg, Germany). The first strand cDNA synthesis kit (Thermo Fisher Scientific, Waltham, US) was applied for 
reverse transcription. qPCR was performed on the 7500 Fast Real-Time PCR System using the FAST SYBR Green 
Master Mix (both Applied Biosystems, Darmstadt, Germany) according to standard protocols8,10,13. In short, 1 µg 
of isolated RNA was reverse-transcribed in a total volume of 20 µL reaction mix. For the PCR, 1 µL of the result-
ing cDNA was mixed with water, primer stocks and 2x FAST SYBR Green Master Mix to yield a final reaction 
voume of 15 µL with an end concentration of 300 nM for the primers. For the actual PCR run we employed the 
default protocol for the FAST Master Mixes as implemented in the system software, complemented by a subse-
quent melting curve analysis to check for primer specificity. cDNA-selective-primers were synthesized by TIB 
Molbiol (Berlin, Germany) and are listed in Table 4. The primers were designed using Primer Express (Applied 
Biosystems) to have a Tm of ∼60 °C and to span exon-exon boundaries. All samples were measured in triplicate. 
For normalization, 18S rRNA was used as a housekeeping gene. The comparative CT(ΔΔCT) method was used 
for relative quantification of transcription levels and 1g was defined as 100% for reference.

Western blot analysis. Western blotting and densitometry were performed as previously described41. The 
number of investigated samples/per group was n = 5. Equal amounts of 10 µL lysate containing 2 µg/µL protein 
were loaded and separated on precast TGX stain-free gels (Bio-Rad, Munich, Germany). Transturbo blot PVDF 
membranes (Bio-Rad) were used for blotting. An overview of the used antibodies and their applied concen-
trations is given in Table 5. The analysis was performed using ImageQuant™ LAS 4000 (GE Healthcare UK 
Limited, Buckinghamshire, UK). The membranes were analyzed using ImageJ software (U.S. National Institutes 
of Health, Bethesda, MD, USA; http://rsb.info.nih.gov/ij/), for densitometric quantification of the bands. Protein 
from the 3T3 Swiss Albino cell line (American Type Culture Collection, Manassas, VA, USA) was used as a pos-
itive control113.

Multianalyte profiling (MAP) technology. Investigation of cellular supernatants for distribution 
of cytokines and proteins was performed by means of Multianalyte Profiling (MAP) technology. The analysis 

Primary 
Antibody Company Dilution

Molecular 
Weight (kDa)

Catalogue 
Number

Collagen I Invitrogen 1:250 115–120 PA1-26204

Collagen IV Invitrogen 1:250 160 PA5-50939

Fibronectin Sigma 1:400 220 F3648

Laminin Sigma 1:200 250 L9393

Vimentin Sigma 1:200 53 V5255

Vinculin Sigma 1:400 116 V9131

Table 2. Antibodies used for immunofluorescence staining (IFS). The corresponding secondary antibodies 
– Anti-rabbit IgG (H + L), F(ab’)2 Fragment (Alexa Fluor®488 Conjugate) (Ref. 4412S) and Anti-mouse IgG 
(H + L), F(ab’)2 Fragment (Alexa Fluor®488 Conjugate) (Ref. 4408S, both CST, Danvers, MA, USA) – were used 
at a dilution of 1:500.

Primary Antibody Company Dilution
Molecular Weight 
(kDa) Catalogue Number

Chondroitin sulfate Invitrogen 1:100 210–250 MA3-16888

Collagen I Invitrogen 1:100 115–120 PA1-26204

Collagen III Invitrogen 1:100 140 PA5-27828

Collagen IV Invitrogen 1:100 160 PA5-50939

Fibronectin Invitrogen 1:100 220 PA5-29578

Laminin Invitrogen 1:100 250 PA1-16730

Osteopontin Sigma 1:100 50 SAB4200018

Vinculin Abcam 1:100 116 Ab18058

Table 3. Antibodies used for Flow Cytometry. The corresponding secondary antibodies – Anti-rabbit IgG 
(H + L), F(ab’)2 Fragment (Alexa Fluor®488 Conjugate) (Ref. 4412S) and Anti-mouse IgG (H + L), F(ab’)2 
Fragment (Alexa Fluor®488 Conjugate) (Ref. 4408S, both CST) – were used at a dilution of 1:1000.
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Gene Primer Name Sequence

18S (HKG)
18S-F GGAGCCTGCGGCTTAATTT

18S-R CAACTAAGAACGGCCATGCA

ACAN
ACAN-F AGTCCAACTCTTCAAGGTGAACTA

ACAN-R ACTCAGCGAGTTGTCATGGT

ACTA2
ACTA2-F GAGCGTGGCTATTCCTTCGT

ACTA2-R TTCAAAGTCCAGAGCTACATAACACAGT

ACTB
ACTB-F TGCCGACAGGATGCAGAAG

ACTB-R GCCGATCCACACGGAGTACT

CAV1
CAV1-F CCTCCTCACAGTTTTCATCCA

CAV1-R TGTAGATGTTGCCCTGTTCC

COL1A1
COL1A1-F ACGAAGACATCCCACCAATCAC

COL1A1-R CGTTGTCGCAGACGCAGAT

COL4A5
COL4A5-F GGTACCTGTAACTACTATGCCAACTCCTA

COL4A5-R CGGCTAATTCGTGTCCTCAAG

CTGF
CTGF-F ACAAGGGCCTCTTCTGTGACTT

CTGF-R GGTACACCGTACCACCGAAGAT

FAK1/PTK2
FAK1-F TGTGGGTAAACCAGATCCTGC

FAK1-R CTGAAGCTTGACACCCTCGT

FN1
FN1-F AGATCTACCTGTACACCTTGAATGACA

FN1-R CATGATACCAGCAAGGAATTGG

ICAM1
ICAM1-F CGGCTGACGTGTGCAGTAAT

ICAM1-R CTTCTGAGACCTCTGGCTTCGT

IL6
IL6-F CGGGAACGAAAGAGAAGCTCTA

IL6-R GAGCAGCCCCAGGGAGAA

IL8/CXCL8
IL8-F TGGCAGCCTTCCTGATTTCT

IL8-R GGGTGGAAAGGTTTGGAGTATG

ITGB1
ITGB1-F GAAAACAGCGCATATCTGGAAATT

ITGB1-R CAGCCAATCAGTGATCCACAA

JNK1/MAPK8
JNK1-F TCTCCTTTAGGTGCAGCAGTG

JNK1-R CAGAGGCCAAAGTCGGATCT

LAMA3
LAMA3-F AAAGCAAGAAGTCAGTCCAGC

LAMA3-R TCCCATGAAGACCATCTCGG

MCP1/CCL2
MCP1-F GCTATAGAAGAATCACCAGCAGCAA

MCP1-R TGGAATCCTGAACCCACTTCTG

MMP1
MMP1-F GTCAGGGGAGATCATCGGG

MMP1-R GAGCATCCCCTCCAATACCTG

MMP3
MMP3-F ACAAAGGATACAACAGGGACCAA

MMP3-R TAGAGTGGGTACATCAAAGCTTCAGT

MMP14
MMP14-F ACTTTATGGGGGTGAGTCAGG

MMP14-R GATGTTGGGCCCATAGGTGG

NFκBP65/RELA
NFKBP65-F CGCTTCTTCACACACTGGATTC

NFKBP65-R ACTGCCGGGATGGCTTCT

SPP1
SPP1-F CGAGGTGATAGTGTGGTTTATGGA

SPP1-R CGTCTGTAGCATCAGGGTACTG

TGFB1
TGFB1-F CACCCGCGTGCTAATGGT

TGFB1-R AGAGCAACACGGGTTCAGGTA

TIMP1
TIMP1-F GCCATCGCCGCAGATC

TIMP1-R GCTATCAGCCACAGCAACAACA

TLN1
TLN1-F GATGGCTATTACTCAGTACAGACAACTGA

TLN1-R CATAGTAGACTCCTCATCTCCTTCCA

TNFA
TNFA-F ATCTTCTCGAACCCCGAGTGA

TNFA-R GGCCCGGCGGTTCA

TUBB
TUBB-F CTGGACCGCATCTCTGTGTACTAC

TUBB-R GACCTGAGCGAACAGAGTCCAT

VCL
VCL-F GTCTCGGCTGCTCGTATCTT

VCL-R GTCCACCAGCCCTGTCATTT

Continued
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was carried out using Human Cytokine MAP A v1.0 by Myriad RBM, Inc., Austin, TX, USA. Supernatants of 
1g-control and RPM-groups where stored at −80 °C and shipped to Myriad RBM.

Pathway analysis. To investigate and visualize the original localization and the mutual interactions of 
detected proteins, we entered relevant UniProt accession numbers in a Pathway Studio v.11 software (Elsevier 
Research Solutions, Amsterdam, The Netherlands)31,77.

Statistical analysis. Statistical Analysis was performed using IBM SPSS Statistics 23.0 software (IBM 
Deutschland GmbH, Ehningen, Germany) in form of mean ± SD. Statistical deviations were evaluated using 
Mann-Whitney-U-test. All data is presented as mean ± standard deviation. p < 0.05 was considered as statisti-
cally significant.

References
 1. Crucian, B. et al. Incidence of clinical symptoms during long-duration orbital spaceflight. Int J Gen Med 9, 383–391, https://doi.

org/10.2147/IJGM.S114188 (2016).
 2. Neutelings, T. et al. Skin physiology in microgravity: a 3-month stay aboard ISS induces dermal atrophy and affects cutaneous 

muscle and hair follicles cycling in mice. NPJ Microgravity 1, 15002, https://doi.org/10.1038/npjmgrav.2015.2 (2015).
 3. Tronnier, H., Wiebusch, M. & Heinrich, U. Change in skin physiological parameters in space–report on and results of the first 

study on man. Skin Pharmacol Physiol 21, 283–292, https://doi.org/10.1159/000148045 (2008).
 4. Buckley, C. D. et al. Fibroblasts regulate the switch from acute resolving to chronic persistent inflammation. Trends Immunol 22, 

199–204 (2001).
 5. Sriram, G., Bigliardi, P. L. & Bigliardi-Qi, M. Fibroblast heterogeneity and its implications for engineering organotypic skin models 

in vitro. Eur J Cell Biol 94, 483–512, https://doi.org/10.1016/j.ejcb.2015.08.001 (2015).
 6. Kendall, R. T. & Feghali-Bostwick, C. A. Fibroblasts in fibrosis: novel roles and mediators. Front Pharmacol 5, 123, https://doi.

org/10.3389/fphar.2014.00123 (2014).
 7. Pietsch, J. et al. The effects of weightlessness on the human organism and mammalian cells. Curr Mol Med 11, 350–364 (2011).

Gene Primer Name Sequence

VEGFA
VEGFA-F GCGCTGATAGACATCCATGAAC

VEGFA-R CTACCTCCACCATGCCAAGTG

VIM
VIM-F TTCAGAGAGAGGAAGCCGAAAAC

VIM-R AGATTCCACTTTGCGTTCAAGGT

Table 4. Primer sequences for qPCR. All sequences are given in 5′-3′ direction.

Primary Antibody Company Dilution
Molecular Weight 
(kDa) Catalogue Number

Aggrecan Abcam 1:1000 210-250 ab36861

α-actin 2 Abcam 1:1000 42 ab5694

β-Actin (HKP) Sigma 1:1000 42 AC-74

Caveolin-1 Abcam 1:1000 22 ab2910

Collagen I Abcam 1:500 115-120 ab21286

Collagen IV Invitrogen 1:1000 160 PA5-50939

CTGF Sigma 1:1000 38 C4871

E-Cadherin Abcam 1:1000 120 ab15148

EGF Sigma 1:1000 26 WH0001950M1

Fibronectin Invitrogen 1:1000 220 PA5-29578

IL-6 Invitrogen 1:1000 26 AHC0762

IL-8 Abcam 1:1000 11 ab7747

Integrin-β1 CST 1:1000 115,135 4706S

JNK1 Abcam 1:1000 48 ab110724

Laminin Sigma 1:1000 250 L9393

MCP-1/CCL2 Sigma 1:500 18 Mabn712

NF-κB CST 1:1000 65 C22B4

Osteopontin Sigma 1:1000 50 o7264

Pan-Actin CST 1:1000 45 D18C11

Talin Sigma 1:1000 225-230 T3287

β-Tubulin Santa Cruz 1:1000 55 sc-5274

VEGF Abcam 1:1000 23 ab46154

Vimentin Sigma 1:1000 53 V5255

Vinculin Sigma 1:1000 116 V9131

Table 5. Antibodies applied for Western blot analysis. The corresponding secondary antibody HRP-linked 
anti-mouse IgG (Ref. P0260) was used at a dilution of 1:2000, the HRP-linked anti-rabbit IgG (Ref. P0399, both 
Dako, Carpinteria, CA, USA) was used at a dilution of 1:4000.

https://doi.org/10.1038/s41598-019-48378-9
https://doi.org/10.2147/IJGM.S114188
https://doi.org/10.2147/IJGM.S114188
https://doi.org/10.1038/npjmgrav.2015.2
https://doi.org/10.1159/000148045
https://doi.org/10.1016/j.ejcb.2015.08.001
https://doi.org/10.3389/fphar.2014.00123
https://doi.org/10.3389/fphar.2014.00123


1 9Scientific RepoRtS |         (2019) 9:11882  | https://doi.org/10.1038/s41598-019-48378-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 8. Kopp, S. et al. The role of NFkappaB in spheroid formation of human breast cancer cells cultured on the Random Positioning 
Machine. Sci Rep 8, 921, https://doi.org/10.1038/s41598-017-18556-8 (2018).

 9. Ma, X. et al. Proteomic differences between microvascular endothelial cells and the EA.hy926 cell line forming three-dimensional 
structures. Proteomics 14, 689–698, https://doi.org/10.1002/pmic.201300453 (2014).

 10. Ma, X. et al. Genomic approach to identify factors that drive the formation of three-dimensional structures by EA.hy926 
endothelial cells. PLoS One 8, e64402, https://doi.org/10.1371/journal.pone.0064402 (2013).

 11. Sahana, J. et al. Decreased E-Cadherin in MCF7 Human Breast Cancer Cells Forming Multicellular Spheroids Exposed to 
Simulated Microgravity. Proteomics 18, e1800015, https://doi.org/10.1002/pmic.201800015 (2018).

 12. Warnke, E. et al. Cytokine Release and Focal Adhesion Proteins in Normal Thyroid Cells Cultured on the Random Positioning 
Machine. Cell Physiol Biochem 43, 257–270, https://doi.org/10.1159/000480368 (2017).

 13. Warnke, E. et al. Spheroid formation of human thyroid cancer cells under simulated microgravity: a possible role of CTGF and 
CAV1. Cell Commun Signal 12, 32, https://doi.org/10.1186/1478-811X-12-32 (2014).

 14. Pietsch, J. et al. Three-dimensional growth of human endothelial cells in an automated cell culture experiment container during the 
SpaceX CRS-8 ISS space mission - The SPHEROIDS project. Biomaterials 124, 126–156, https://doi.org/10.1016/j.biomaterials.2017. 
02.005 (2017).

 15. Pietsch, J. et al. Application of free-flow IEF to identify protein candidates changing under microgravity conditions. Proteomics 10, 
904–913, https://doi.org/10.1002/pmic.200900226 (2010).

 16. Pietsch, J. et al. Spheroid formation of human thyroid cancer cells in an automated culturing system during the Shenzhou-8 Space 
mission. Biomaterials 34, 7694–7705, https://doi.org/10.1016/j.biomaterials.2013.06.054 (2013).

 17. Corydon, T. J. et al. Reduced Expression of Cytoskeletal and Extracellular Matrix Genes in Human Adult Retinal Pigment 
Epithelium Cells Exposed to Simulated Microgravity. Cell Physiol Biochem 40, 1–17, https://doi.org/10.1159/000452520 (2016).

 18. Pietsch, J. et al. A proteomic approach to analysing spheroid formation of two human thyroid cell lines cultured on a random 
positioning machine. Proteomics 11, 2095–2104, https://doi.org/10.1002/pmic.201000817 (2011).

 19. Berahim, Z., Moharamzadeh, K., Rawlinson, A. & Jowett, A. K. Biologic interaction of three-dimensional periodontal fibroblast 
spheroids with collagen-based and synthetic membranes. J Periodontol 82, 790–797, https://doi.org/10.1902/jop.2010.100533 
(2011).

 20. Kim, S. A., Lee, E. K. & Kuh, H. J. Co-culture of 3D tumor spheroids with fibroblasts as a model for epithelial-mesenchymal 
transition in vitro. Exp Cell Res 335, 187–196, https://doi.org/10.1016/j.yexcr.2015.05.016 (2015).

 21. Jeong, S. Y., Lee, J. H., Shin, Y., Chung, S. & Kuh, H. J. Co-Culture of Tumor Spheroids and Fibroblasts in a Collagen Matrix-
Incorporated Microfluidic Chip Mimics Reciprocal Activation in Solid Tumor Microenvironment. PLoS One 11, e0159013, https://
doi.org/10.1371/journal.pone.0159013 (2016).

 22. Infanger, M. et al. Induction of three-dimensional assembly and increase in apoptosis of human endothelial cells by simulated 
microgravity: impact of vascular endothelial growth factor. Apoptosis 11, 749–764, https://doi.org/10.1007/s10495-006-5697-7 
(2006).

 23. Svejgaard, B. et al. Common Effects on Cancer Cells Exerted by a Random Positioning Machine and a 2D Clinostat. PLoS One 10, 
e0135157, https://doi.org/10.1371/journal.pone.0135157 (2015).

 24. Mann, V. et al. Changes in Human Foetal Osteoblasts Exposed to the Random Positioning Machine and Bone Construct Tissue 
Engineering. Int J Mol Sci 20, https://doi.org/10.3390/ijms20061357 (2019).

 25. Grimm, D. et al. Growing tissues in real and simulated microgravity: new methods for tissue engineering. Tissue Eng Part B Rev 20, 
555–566, https://doi.org/10.1089/ten.TEB.2013.0704 (2014).

 26. Grimm, D. et al. Tissue Engineering Under Microgravity Conditions-Use of Stem Cells and Specialized Cells. Stem Cells Dev 27, 
787–804, https://doi.org/10.1089/scd.2017.0242 (2018).

 27. Grimm, D. et al. Different responsiveness of endothelial cells to vascular endothelial growth factor and basic fibroblast growth 
factor added to culture media under gravity and simulated microgravity. Tissue Eng Part A 16, 1559–1573, https://doi.org/10.1089/
ten.TEA.2009.0524 (2010).

 28. Schönberger, J. et al. Establishment and characterization of the follicular thyroid carcinoma cell line ML-1. J Mol Med 78, 102–110 
(2000).

 29. Weber, G., Grimm, D. & Bauer, J. Application of binary buffer systems to free flow cell electrophoresis. Electrophoresis 21, 325–328, 
https://doi.org/10.1002/(sici)1522-2683(20000101)21:2<325::Aid-elps325>3.0.Co;2-p (2000).

 30. Liu, Y., Loijens, J. C., Martin, K. H., Karginov, A. V. & Parsons, J. T. The association of ASAP1, an ADP ribosylation factor-GTPase 
activating protein, with focal adhesion kinase contributes to the process of focal adhesion assembly. Mol Biol Cell 13, 2147–2156, 
https://doi.org/10.1091/mbc.e02-01-0018 (2002).

 31. Bauer, J. et al. Proteome Analysis of Human Follicular Thyroid Cancer Cells Exposed to the Random Positioning Machine. Int J Mol 
Sci 18, https://doi.org/10.3390/ijms18030546 (2017).

 32. Timpl, R. et al. Laminin–a glycoprotein from basement membranes. J Biol Chem 254, 9933–9937 (1979).
 33. Grimm, D. et al. Simulated microgravity alters differentiation and increases apoptosis in human follicular thyroid carcinoma cells. 

FASEB J 16, 604–606 (2002).
 34. Ulbrich, C. et al. The impact of vascular endothelial growth factor and basic fibroblast growth factor on cardiac fibroblasts grown 

under altered gravity conditions. Cell Physiol Biochem 26, 1011–1022, https://doi.org/10.1159/000323976 (2010).
 35. Riwaldt, S. et al. Preparation of A Spaceflight: Apoptosis Search in Sutured Wound Healing Models. Int J Mol Sci 18, https://doi.

org/10.3390/ijms18122604 (2017).
 36. Lenselink, E. A. Role of fibronectin in normal wound healing. Int Wound J 12, 313–316, https://doi.org/10.1111/iwj.12109 (2015).
 37. Zhang, Y. et al. Disentangling the multifactorial contributions of fibronectin, collagen and cyclic strain on MMP expression and 

extracellular matrix remodeling by fibroblasts. Matrix Biol 40, 62–72, https://doi.org/10.1016/j.matbio.2014.09.001 (2014).
 38. Aleshcheva, G. et al. Moderate alterations of the cytoskeleton in human chondrocytes after short-term microgravity produced by 

parabolic flight maneuvers could be prevented by up-regulation of BMP-2 and SOX-9. FASEB J 29, 2303–2314, https://doi.
org/10.1096/fj.14-268151 (2015).

 39. Fioravanti, A. & Collodel, G. In Adv Pharmacol Vol. 53, 449–465 (Academic Press, 2006).
 40. Grimm, D. et al. A delayed type of three-dimensional growth of human endothelial cells under simulated weightlessness. Tissue 

Eng Part A 15, 2267–2275, https://doi.org/10.1089/ten.tea.2008.0576 (2009).
 41. Dittrich, A. et al. Key Proteins Involved in Spheroid Formation and Angiogenesis in Endothelial Cells After Long-Term Exposure 

to Simulated Microgravity. Cell Physiol Biochem 45, 429–445, https://doi.org/10.1159/000486920 (2018).
 42. Gupta, A. C. et al. Establishment of an in vitro organoid model of dermal papilla of human hair follicle. J Cell Physiol 233, 

9015–9030, https://doi.org/10.1002/jcp.26853 (2018).
 43. Grimm, D. et al. Effects of simulated microgravity on thyroid carcinoma cells. J Gravit Physiol 9, P253–256 (2002).
 44. Infanger, M. et al. Simulated weightlessness changes the cytoskeleton and extracellular matrix proteins in papillary thyroid 

carcinoma cells. Cell Tissue Res 324, 267–277, https://doi.org/10.1007/s00441-005-0142-8 (2006).
 45. Oliver, N., Babu, M. & Diegelmann, R. Fibronectin gene transcription is enhanced in abnormal wound healing. J Invest Dermatol 

99, 579–586 (1992).
 46. Aleshcheva, G. et al. Changes in morphology, gene expression and protein content in chondrocytes cultured on a random 

positioning machine. PLoS One 8, e79057, https://doi.org/10.1371/journal.pone.0079057 (2013).

https://doi.org/10.1038/s41598-019-48378-9
https://doi.org/10.1038/s41598-017-18556-8
https://doi.org/10.1002/pmic.201300453
https://doi.org/10.1371/journal.pone.0064402
https://doi.org/10.1002/pmic.201800015
https://doi.org/10.1159/000480368
https://doi.org/10.1186/1478-811X-12-32
https://doi.org/10.1016/j.biomaterials.2017.02.005
https://doi.org/10.1016/j.biomaterials.2017.02.005
https://doi.org/10.1002/pmic.200900226
https://doi.org/10.1016/j.biomaterials.2013.06.054
https://doi.org/10.1159/000452520
https://doi.org/10.1002/pmic.201000817
https://doi.org/10.1902/jop.2010.100533
https://doi.org/10.1016/j.yexcr.2015.05.016
https://doi.org/10.1371/journal.pone.0159013
https://doi.org/10.1371/journal.pone.0159013
https://doi.org/10.1007/s10495-006-5697-7
https://doi.org/10.1371/journal.pone.0135157
https://doi.org/10.3390/ijms20061357
https://doi.org/10.1089/ten.TEB.2013.0704
https://doi.org/10.1089/scd.2017.0242
https://doi.org/10.1089/ten.TEA.2009.0524
https://doi.org/10.1089/ten.TEA.2009.0524
https://doi.org/10.1091/mbc.e02-01-0018
https://doi.org/10.3390/ijms18030546
https://doi.org/10.1159/000323976
https://doi.org/10.3390/ijms18122604
https://doi.org/10.3390/ijms18122604
https://doi.org/10.1111/iwj.12109
https://doi.org/10.1016/j.matbio.2014.09.001
https://doi.org/10.1096/fj.14-268151
https://doi.org/10.1096/fj.14-268151
https://doi.org/10.1089/ten.tea.2008.0576
https://doi.org/10.1159/000486920
https://doi.org/10.1002/jcp.26853
https://doi.org/10.1007/s00441-005-0142-8
https://doi.org/10.1371/journal.pone.0079057


20Scientific RepoRtS |         (2019) 9:11882  | https://doi.org/10.1038/s41598-019-48378-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 47. Mendez, M. G., Kojima, S. & Goldman, R. D. Vimentin induces changes in cell shape, motility, and adhesion during the epithelial 
to mesenchymal transition. FASEB J 24, 1838–1851, https://doi.org/10.1096/fj.09-151639 (2010).

 48. Wessels, D. J. et al. Reciprocal signaling and direct physical interactions between fibroblasts and breast cancer cells in a 3D 
environment. PLoS One 14, e0218854, https://doi.org/10.1371/journal.pone.0218854 (2019).

 49. Bunnell, T. M., Burbach, B. J., Shimizu, Y. & Ervasti, J. M. beta-Actin specifically controls cell growth, migration, and the G-actin 
pool. Mol Biol Cell 22, 4047–4058, https://doi.org/10.1091/mbc.E11-06-0582 (2011).

 50. Cleveland, D. W. et al. Number and evolutionary conservation of alpha- and beta-tubulin and cytoplasmic beta- and gamma-actin 
genes using specific cloned cDNA probes. Cell 20, 95–105 (1980).

 51. Hammond, J. W., Cai, D. & Verhey, K. J. Tubulin modifications and their cellular functions. Current opinion in cell biology 20, 
71–76, https://doi.org/10.1016/j.ceb.2007.11.010 (2008).

 52. Corydon, T. J. et al. Alterations of the cytoskeleton in human cells in space proved by life-cell imaging. Sci Rep 6, 20043, https://doi.
org/10.1038/srep20043 (2016).

 53. Kopp, S. et al. Identifications of novel mechanisms in breast cancer cells involving duct-like multicellular spheroid formation after 
exposure to the Random Positioning Machine. Sci Rep 6, 26887, https://doi.org/10.1038/srep26887 (2016).

 54. Kopp, S. et al. Microgravity Affects Thyroid Cancer Cells during the TEXUS-53 Mission Stronger than Hypergravity. Int J Mol Sci 
19, 4001 (2018).

 55. Croute, F., Gaubin, Y., Pianezzi, B. & Soleilhavoup, J. P. Effects of hypergravity on the cell shape and on the organization of 
cytoskeleton and extracelluar matrix molecules of in vitro human dermal fibroblasts. Microgravity Sci Technol 8, 118–124 (1995).

 56. Cogoli, A. Signal transduction in T lymphocytes in microgravity. Gravit Space Biol Bull 10, 5–16 (1997).
 57. Häder, D. P., Braun, M., Grimm, D. & Hemmersbach, R. Gravireceptors in eukaryotes-a comparison of case studies on the cellular 

level. NPJ Microgravity 3, 13, https://doi.org/10.1038/s41526-017-0018-8 (2017).
 58. Ingber, D. How cells (might) sense microgravity. FASEB J 13(Suppl), S3–15 (1999).
 59. Vorselen, D., Roos, W. H., MacKintosh, F. C., Wuite, G. J. & van Loon, J. J. The role of the cytoskeleton in sensing changes in gravity 

by nonspecialized cells. FASEB J 28, 536–547, https://doi.org/10.1096/fj.13-236356 (2014).
 60. Geiger, B., Spatz, J. P. & Bershadsky, A. D. Environmental sensing through focal adhesions. Nat Rev Mol Cell Biol 10, 21–33, https://

doi.org/10.1038/nrm2593 (2009).
 61. Zhao, T. et al. Simulated Microgravity Reduces Focal Adhesions and Alters Cytoskeleton and Nuclear Positioning Leading to 

Enhanced Apoptosis via Suppressing FAK/RhoA-Mediated mTORC1/NF-κB and ERK1/2 Pathways. Int J Mol Sci 19, https://doi.
org/10.3390/ijms19071994 (2018).

 62. Izard, T. & Brown, D. T. Mechanisms and Functions of Vinculin Interactions with Phospholipids at Cell Adhesion Sites. J Biol Chem 
291, 2548–2555, https://doi.org/10.1074/jbc.R115.686493 (2016).

 63. Spanjaard, E. & de Rooij, J. Mechanotransduction: Vinculin Provides Stability when Tension Rises. Curr Biol 23, R159–R161, 
https://doi.org/10.1016/j.cub.2013.01.020 (2013).

 64. Humphries, J. D. et al. Vinculin controls focal adhesion formation by direct interactions with talin and actin. J Cell Biol 179, 
1043–1057, https://doi.org/10.1083/jcb.200703036 (2007).

 65. Legate, K. R., Wickstrom, S. A. & Fassler, R. Genetic and cell biological analysis of integrin outside-in signaling. Genes Dev 23, 
397–418, https://doi.org/10.1101/gad.1758709 (2009).

 66. Katsumi, A., Orr, A. W., Tzima, E. & Schwartz, M. A. Integrins in mechanotransduction. J Biol Chem 279, 12001–12004, https://
doi.org/10.1074/jbc.R300038200 (2004).

 67. Cui, X., Hartanto, Y. & Zhang, H. Advances in multicellular spheroids formation. J R Soc Interface 14, https://doi.org/10.1098/
rsif.2016.0877 (2017).

 68. Wang, H. B., Dembo, M., Hanks, S. K. & Wang, Y. Focal adhesion kinase is involved in mechanosensing during fibroblast 
migration. Proc Natl Acad Sci USA 98, 11295–11300, https://doi.org/10.1073/pnas.201201198 (2001).

 69. Stutchbury, B., Atherton, P., Tsang, R., Wang, D. Y. & Ballestrem, C. Distinct focal adhesion protein modules control different 
aspects of mechanotransduction. J Cell Sci 130, 1612–1624, https://doi.org/10.1242/jcs.195362 (2017).

 70. Matsuyoshi, N. & Imamura, S. Multiple cadherins are expressed in human fibroblasts. Biochem Biophys Res Commun 235, 355–358, 
https://doi.org/10.1006/bbrc.1997.6707 (1997).

 71. Nassef, M. Z. et al. Real Microgravity Influences the Cytoskeleton and Focal Adhesions in Human Breast Cancer Cells. Int J Mol Sci 
20, 3156 (2019).

 72. Riwaldt, S. et al. The Importance of Caveolin-1 as Key-Regulator of Three-Dimensional Growth in Thyroid Cancer Cells Cultured 
under Real and Simulated Microgravity Conditions. Int J Mol Sci 16, 28296–28310, https://doi.org/10.3390/ijms161226108 (2015).

 73. Hsu, C. K. et al. Caveolin-1 Controls Hyperresponsiveness to Mechanical Stimuli and Fibrogenesis-Associated RUNX2 Activation 
in Keloid Fibroblasts. J Invest Dermatol 138, 208–218, https://doi.org/10.1016/j.jid.2017.05.041 (2018).

 74. Kingsley, D. M. The TGF-beta superfamily: new members, new receptors, and new genetic tests of function in different organisms. 
Genes Dev 8, 133–146 (1994).

 75. Wehland, M. et al. The impact of altered gravity and vibration on endothelial cells during a parabolic flight. Cell Physiol Biochem 
31, 432–451, https://doi.org/10.1159/000343380 (2013).

 76. Grimm, D., Bauer, J. & Schoenberger, J. Blockade of neoangiogenesis, a new and promising technique to control the growth of 
malignant tumors and their metastases. Curr Vasc Pharmacol 7, 347–357 (2009).

 77. Riwaldt, S. et al. Pathways Regulating Spheroid Formation of Human Follicular Thyroid Cancer Cells under Simulated 
Microgravity Conditions: A Genetic Approach. Int J Mol Sci 17, 528, https://doi.org/10.3390/ijms17040528 (2016).

 78. Gopinathan, G. et al. Interleukin-6 Stimulates Defective Angiogenesis. Cancer Res 75, 3098–3107, https://doi.org/10.1158/0008-
5472.Can-15-1227 (2015).

 79. Grosse, J. et al. Gravity-sensitive signaling drives 3-dimensional formation of multicellular thyroid cancer spheroids. FASEB J 26, 
5124–5140, https://doi.org/10.1096/fj.12-215749 (2012).

 80. Deshmane, S. L., Kremlev, S., Amini, S. & Sawaya, B. E. Monocyte chemoattractant protein-1 (MCP-1): an overview. J Interferon 
Cytokine Res 29, 313–326, https://doi.org/10.1089/jir.2008.0027 (2009).

 81. Gerard, C. & Rollins, B. J. Chemokines and disease. Nat Immunol 2, 108–115, https://doi.org/10.1038/84209 (2001).
 82. Zhou, Y. Y., Li, Y., Jiang, W. Q. & Zhou, L. F. MAPK/JNK signalling: a potential autophagy regulation pathway. Biosci Rep 35, 

https://doi.org/10.1042/bsr20140141 (2015).
 83. Fisher, G. J., Varani, J. & Voorhees, J. J. Looking older: fibroblast collapse and therapeutic implications. Arch Dermatol 144, 

666–672, https://doi.org/10.1001/archderm.144.5.666 (2008).
 84. Quan, T. et al. Matrix-degrading metalloproteinases in photoaging. J Investig Dermatol Symp Proc 14, 20–24, https://doi.

org/10.1038/jidsymp.2009.8 (2009).
 85. Arpino, V., Brock, M. & Gill, S. E. The role of TIMPs in regulation of extracellular matrix proteolysis. Matrix Biol 44-46, 247–254, 

https://doi.org/10.1016/j.matbio.2015.03.005 (2015).
 86. Fligiel, S. E. et al. Collagen degradation in aged/photodamaged skin in vivo and after exposure to matrix metalloproteinase-1 in 

vitro. J Invest Dermatol 120, 842–848, https://doi.org/10.1046/j.1523-1747.2003.12148.x (2003).
 87. Quan, T. et al. Elevated matrix metalloproteinases and collagen fragmentation in photodamaged human skin: impact of altered 

extracellular matrix microenvironment on dermal fibroblast function. J Invest Dermatol 133, 1362–1366, https://doi.org/10.1038/
jid.2012.509 (2013).

https://doi.org/10.1038/s41598-019-48378-9
https://doi.org/10.1096/fj.09-151639
https://doi.org/10.1371/journal.pone.0218854
https://doi.org/10.1091/mbc.E11-06-0582
https://doi.org/10.1016/j.ceb.2007.11.010
https://doi.org/10.1038/srep20043
https://doi.org/10.1038/srep20043
https://doi.org/10.1038/srep26887
https://doi.org/10.1038/s41526-017-0018-8
https://doi.org/10.1096/fj.13-236356
https://doi.org/10.1038/nrm2593
https://doi.org/10.1038/nrm2593
https://doi.org/10.3390/ijms19071994
https://doi.org/10.3390/ijms19071994
https://doi.org/10.1074/jbc.R115.686493
https://doi.org/10.1016/j.cub.2013.01.020
https://doi.org/10.1083/jcb.200703036
https://doi.org/10.1101/gad.1758709
https://doi.org/10.1074/jbc.R300038200
https://doi.org/10.1074/jbc.R300038200
https://doi.org/10.1098/rsif.2016.0877
https://doi.org/10.1098/rsif.2016.0877
https://doi.org/10.1073/pnas.201201198
https://doi.org/10.1242/jcs.195362
https://doi.org/10.1006/bbrc.1997.6707
https://doi.org/10.3390/ijms161226108
https://doi.org/10.1016/j.jid.2017.05.041
https://doi.org/10.1159/000343380
https://doi.org/10.3390/ijms17040528
https://doi.org/10.1158/0008-5472.Can-15-1227
https://doi.org/10.1158/0008-5472.Can-15-1227
https://doi.org/10.1096/fj.12-215749
https://doi.org/10.1089/jir.2008.0027
https://doi.org/10.1038/84209
https://doi.org/10.1042/bsr20140141
https://doi.org/10.1001/archderm.144.5.666
https://doi.org/10.1038/jidsymp.2009.8
https://doi.org/10.1038/jidsymp.2009.8
https://doi.org/10.1016/j.matbio.2015.03.005
https://doi.org/10.1046/j.1523-1747.2003.12148.x
https://doi.org/10.1038/jid.2012.509
https://doi.org/10.1038/jid.2012.509


2 1Scientific RepoRtS |         (2019) 9:11882  | https://doi.org/10.1038/s41598-019-48378-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

 88. Fisher, G. J. et al. Collagen fragmentation promotes oxidative stress and elevates matrix metalloproteinase-1 in fibroblasts in aged 
human skin. Am J Pathol 174, 101–114, https://doi.org/10.2353/ajpath.2009.080599 (2009).

 89. Xia, W. et al. Expression of catalytically active matrix metalloproteinase-1 in dermal fibroblasts induces collagen fragmentation and 
functional alterations that resemble aged human skin. Aging Cell 12, 661–671, https://doi.org/10.1111/acel.12089 (2013).

 90. Hohenester, E. & Yurchenco, P. D. Laminins in basement membrane assembly. Cell Adh Migr 7, 56–63, https://doi.org/10.4161/
cam.21831 (2013).

 91. Laurie, G. W., Leblond, C. P. & Martin, G. R. Localization of type IV collagen, laminin, heparan sulfate proteoglycan, and 
fibronectin to the basal lamina of basement membranes. J Cell Biol 95, 340–344 (1982).

 92. Nimni, M. E. Collagen: structure, function, and metabolism in normal and fibrotic tissues. Semin Arthritis Rheum 13, 1–86 (1983).
 93. Uitto, J. & Bernstein, E. F. Molecular mechanisms of cutaneous aging: connective tissue alterations in the dermis. J Investig 

Dermatol Symp Proc 3, 41–44 (1998).
 94. Jackson, H. W., Defamie, V., Waterhouse, P. & Khokha, R. TIMPs: versatile extracellular regulators in cancer. Nat Rev Cancer 17, 

38–53, https://doi.org/10.1038/nrc.2016.115 (2017).
 95. Verma, R. P. & Hansch, C. Matrix metalloproteinases (MMPs): chemical-biological functions and (Q)SARs. Bioorg Med Chem 15, 

2223–2268, https://doi.org/10.1016/j.bmc.2007.01.011 (2007).
 96. Zigrino, P. et al. Fibroblast-Derived MMP-14 Regulates Collagen Homeostasis in Adult Skin. J Invest Dermatol 136, 1575–1583, 

https://doi.org/10.1016/j.jid.2016.03.036 (2016).
 97. Lessan, K., Aguiar, D. J., Oegema, T., Siebenson, L. & Skubitz, A. P. CD44 and beta1 integrin mediate ovarian carcinoma cell 

adhesion to peritoneal mesothelial cells. Am J Pathol 154, 1525–1537 (1999).
 98. Singh, M., Dalal, S. & Singh, K. Osteopontin: At the cross-roads of myocyte survival and myocardial function. Life Sci 118, 1–6, 

https://doi.org/10.1016/j.lfs.2014.09.014 (2014).
 99. Meves, A., Stremmel, C., Bottcher, R. T. & Fassler, R. beta1 integrins with individually disrupted cytoplasmic NPxY motifs are 

embryonic lethal but partially active in the epidermis. J Invest Dermatol 133, 2722–2731, https://doi.org/10.1038/jid.2013.232 
(2013).

 100. Gingras, A. R. et al. Central region of talin has a unique fold that binds vinculin and actin. J Biol Chem 285, 29577–29587, https://
doi.org/10.1074/jbc.M109.095455 (2010).

 101. Alapati, K., Kesanakurti, D., Rao, J. S. & Dasari, V. R. uPAR and cathepsin B-mediated compartmentalization of JNK regulates the 
migration of glioma-initiating cells. Stem Cell Res 12, 716–729, https://doi.org/10.1016/j.scr.2014.02.008 (2014).

 102. le Duc, Q. et al. Vinculin potentiates E-cadherin mechanosensing and is recruited to actin-anchored sites within adherens 
junctions in a myosin II-dependent manner. J Cell Biol 189, 1107–1115, https://doi.org/10.1083/jcb.201001149 (2010).

 103. Zhang, H. et al. Restoration of caveolin-1 expression suppresses growth and metastasis of head and neck squamous cell carcinoma. 
Br J Cancer 99, 1684–1694, https://doi.org/10.1038/sj.bjc.6604735 (2008).

 104. Ohji, M., SundarRaj, N. & Thoft, R. A. Transforming growth factor-beta stimulates collagen and fibronectin synthesis by human 
corneal stromal fibroblasts in vitro. Curr Eye Res 12, 703–709 (1993).

 105. Aleshcheva, G. et al. Tissue Engineering of Cartilage on Ground-Based Facilities. Microgravity Sci Technol 28, 237–245, https://doi.
org/10.1007/s12217-015-9479-0 (2016).

 106. Kopp, S. et al. Mechanisms of three-dimensional growth of thyroid cells during long-term simulated microgravity. Sci Rep 5, 16691, 
https://doi.org/10.1038/srep16691 (2015).

 107. Burgdorf, W. H. & Hoenig, L. J. Dermatology and the American Experience in Space. JAMA Dermatol 151, 877, https://doi.
org/10.1001/jamadermatol.2014.2557 (2015).

 108. Borst, A. G. & van Loon, J. J. W. A. Technology and Developments for the Random Positioning Machine, RPM. Microgravity Sci 
Technol 21, 287–292, https://doi.org/10.1007/s12217-008-9043-2 (2008).

 109. Wuest, S. L., Richard, S., Kopp, S., Grimm, D. & Egli, M. Simulated microgravity: critical review on the use of random positioning 
machines for mammalian cell culture. Biomed Res Int 2015, 971474, https://doi.org/10.1155/2015/971474 (2015).

 110. Infanger, M. et al. Vascular endothelial growth factor induces extracellular matrix proteins and osteopontin in the umbilical artery. 
Ann Vasc Surg 22, 273–284, https://doi.org/10.1016/j.avsg.2007.11.002 (2008).

 111. Infanger, M. et al. Intraluminal application of vascular endothelial growth factor enhances healing of microvascular anastomosis 
in a rat model. J Vasc Res 42, 202–213, https://doi.org/10.1159/000085176 (2005).

 112. Pietsch, J. et al. Metabolic enzyme diversity in different human thyroid cell lines and their sensitivity to gravitational forces. 
Proteomics 12, 2539–2546, https://doi.org/10.1002/pmic.201200070 (2012).

 113. Todaro, G. J. & Green, H. Quantitative studies of the growth of mouse embryo cells in culture and their development into 
established lines. J Cell Biol 17, 299–313 (1963).

Acknowledgements
This project was supported by the German Space Agency (DLR, grants 50WB1524 and 50WB1924) and Aarhus 
University. We like to thank Ms. Christa Baumann, Institute of Pathology, University of Regensburg, Germany, 
for performing the histochemical staining.

Author contributions
D.G., C.B., M.I. and N.A. designed the research. J.B., M.W., M.K., D.G. and C.B. analyzed the data. C.B., J.S., M.K., 
S.B., T.J.C., M.W., D.M. and J.B. performed the experiments: J.S. and M.W. Western blot analyses; C.B. and D.M. 
qPCR analyses; M.K. and S.B. flow cytometry, and J.S., C.B. and T.J.C. immunofluorescence staining. Pathway 
analyses were done by J.B., D.G., T.J.C., N.A. and M.I. supported the research. D.G., M.W., M.K., J.B., T.J.C. and 
C.B. wrote the paper.

Additional information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-48378-9.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-019-48378-9
https://doi.org/10.2353/ajpath.2009.080599
https://doi.org/10.1111/acel.12089
https://doi.org/10.4161/cam.21831
https://doi.org/10.4161/cam.21831
https://doi.org/10.1038/nrc.2016.115
https://doi.org/10.1016/j.bmc.2007.01.011
https://doi.org/10.1016/j.jid.2016.03.036
https://doi.org/10.1016/j.lfs.2014.09.014
https://doi.org/10.1038/jid.2013.232
https://doi.org/10.1074/jbc.M109.095455
https://doi.org/10.1074/jbc.M109.095455
https://doi.org/10.1016/j.scr.2014.02.008
https://doi.org/10.1083/jcb.201001149
https://doi.org/10.1038/sj.bjc.6604735
https://doi.org/10.1007/s12217-015-9479-0
https://doi.org/10.1007/s12217-015-9479-0
https://doi.org/10.1038/srep16691
https://doi.org/10.1001/jamadermatol.2014.2557
https://doi.org/10.1001/jamadermatol.2014.2557
https://doi.org/10.1007/s12217-008-9043-2
https://doi.org/10.1155/2015/971474
https://doi.org/10.1016/j.avsg.2007.11.002
https://doi.org/10.1159/000085176
https://doi.org/10.1002/pmic.201200070
https://doi.org/10.1038/s41598-019-48378-9


22Scientific RepoRtS |         (2019) 9:11882  | https://doi.org/10.1038/s41598-019-48378-9

www.nature.com/scientificreportswww.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-48378-9
http://creativecommons.org/licenses/by/4.0/

	Morphological and Molecular Changes in Juvenile Normal Human Fibroblasts Exposed to Simulated Microgravity
	Results and Discussion
	Characterization and morphology of juvenile normal human dermal fibroblasts exposed to the RPM. 
	Impact of simulated microgravity on extracellular matrix proteins, the cytoskeleton, and focal adhesion factors. 
	Growth factors, cytokines and collagen metabolism. 
	In silico analysis of relationships and interaction of studied genes and proteins. 

	Conclusions
	Material and Methods
	Cell culture. 
	Random positioning machine. 
	Microscopy. 
	Hematoxylin-Eosin and Elastica van Gieson staining. 
	Immunofluorescence staining. 
	Flow cytometry. 
	RNA isolation and quantitative real-time PCR. 
	Western blot analysis. 
	Multianalyte profiling (MAP) technology. 
	Pathway analysis. 
	Statistical analysis. 

	Acknowledgements
	Figure 1 Characterization of morphological alterations in juvenile NHDF cells after a three-day RPM-exposure.
	Figure 2 Changes in the ECM composition of NHDF after a three-day RPM-exposure: Immunofluorescence images of 1g-control cells, RPM-AD and RPM-MCS of laminin (A–C) and fibronectin (D–F).
	Figure 3 Cytoskeletal changes in NHDF cells after a 3-day s-µg-exposure: Immunofluorescence images of 1g-control cells, RPM-AD and RPM-MCS of vimentin (A–C).
	Figure 4 Alterations in focal adhesion-associated genes and proteins after a 3-day s-µg-exposure: Immunofluorescence images of 1g-control cells, RPM-AD and RPM-MCS of vinculin (A–C).
	Figure 5 Investigation of selected growth factors after a 3-day s-µg-exposure of normal human dermal fibroblasts: Quantitative gene expression levels of TGFB1 (A).
	Figure 6 Analysis of selected cytokines after a 3-day s-µg-exposure: Transcriptional and translational IL-6 analysis: Quantitative gene expression levels of IL-6 (A) and intracellular IL-6 levels (B), release of IL-6 (C).
	Figure 7 Alterations in collagen levels of juvenile NDHF cells following a 3-day exposure to microgravity: Immunofluorescence images of 1g-control cells, RPM-AD and RPM-MCS of collagen-I (A–C) and collagen-IV (D–F).
	Figure 8 (A) Pathway studio analysis of investigated proteins.
	Figure 9 Table-top random positioning machine: Mounted cell culture flasks for RPM-experiments with adjacent 1g-control flasks in an incubator (A).
	Table 1 Biochemical differences between adherently growing (2D) and multicellular spheroid cells (3D growth) of NHDF in s-µg.
	Table 2 Antibodies used for immunofluorescence staining (IFS).
	Table 3 Antibodies used for Flow Cytometry.
	Table 4 Primer sequences for qPCR.
	Table 5 Antibodies applied for Western blot analysis.




