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Summary 

Cardiovascular diseases are the most common cause of death in industrial nations. The basis of 

these diseases is a dysfunction in the interaction between the cells the heart is composed of. The main 

types of cells making up the human heart are cardiomyocytes that build the myocardium and provide 

the contraction properties, endothelial cells that delimit the blood flowing through the inner 

chambers and coronary arteries from the myocardial tissue, and fibroblasts, which build the 

connective tissue. A common process in the development of cardiovascular diseases is the formation 

of fibrosis due to injury of the endothelium and subsequent infiltration of the cardiac tissue by immune 

cells, and inflammatory agents like cytokines. Cytokines exert different functions in cardiac cells. 

Tumor necrosis factor α (TNFα) is an inducer of apoptosis. Transforming growth factor ß (TGFß) is 

known for activation of proliferation. Other cytokines like C-X-C motif chemokine 11 (CXCL11), 

interleukin-6 (IL-6), or brain-derived neurotrophic factor (BDNF) have not yet been investigated or 

their impact on such cells is unknown. Eventually, however, fibrotic scar tissue arises from the 

transition from fibroblasts to myofibroblasts leading to a stiffening of the cardiac muscle and impaired 

pump function. In order to prevent the occurrence of these events the balance of proliferation, 

migration, and differentiation of cardiac cells needs to be controlled very delicately.  

The mechanisms controlling these interactions are still not well understood, which is why this 

work aimed at the elucidation of molecular mechanisms within the three main cell types that might 

play a role in the regulation of cardiac function. A proteomic approach using mass spectrometry was 

used to identify alterations in protein levels that could provide hints about the involved pathways and 

find new players as candidates for more detailed investigation. Initially, the proteomic composition of 

HL-1 cardiomyocytes, L929 fibroblasts, and human umbilical vein endothelial cells (HUVECs) that were 

cultivated in standard growth conditions without stress was investigated. Half of the total protein 

intensity was made up by only 42 to 53 proteins, depending on the cell type. More than a third of all 

proteins were identified in all three cell types, which may be proteins performing common cell 

functions. Indeed, the proteins displaying the highest abundance seem to be predominantly involved 

in such common cellular functions as the regulation of glucose metabolism or the cytoskeleton. More 

specific functions like heart development and muscle contraction were found enriched in 

cardiomyocytes as were mitochondrial proteins. The proportion of proteins with extracellular 

localization and function was higher in fibroblasts and endothelial cells. 
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Secondly, the impact of cytokines on the proliferative behavior and the proteomic composition 

of cardiomyocytes and fibroblasts was analyzed. HL-1 cardiomyocytes and L929 fibroblasts were 

treated with different concentrations of cytokines with a cytotoxic, proliferative, or yet unknown 

effect on these cells. While HL-1 cells exhibited no macroscopic reaction to any of the cytokines used, 

cytotoxic/growth inhibitory (TNFα, CXCL11) and proliferative (TGFß, IL6, BDNF) effects were observed 

for L929 cells. The latter also showed CXCL11-induced upregulated EIF2 signaling, pointing to a higher 

need of protein synthesis. 

The third aim was the examination of proteome adaptations in endothelial cells due to different 

kinds of stress, as these cells are the first line of defense against inflammatory agents or injury and 

therefore prone to wounding. The role of the growth factors vascular endothelial growth factor (VEGF) 

and basic fibroblast growth factor (bFGF) in wounding and starvation was another object of this study 

as they are known for their angiogenic and cell survival supporting properties. Additionally, the impact 

of the cellular sex on the response to stress and growth factors was examined, because a person’s sex 

plays an important role in susceptibility, risk factors, and outcome of cardiovascular diseases. This has 

mainly been attributed to the different hormone levels, especially the higher levels of estrogen in 

premenopausal women, which exerts cardioprotective properties, but also genetic background was 

reported to play an important role. Only few studies that examined the molecular properties of 

HUVECs considered the cellular sex and if so, the genetic bias of unrelated samples was not taken into 

account. This is why Lorenz and colleagues at the Charité in Berlin collected HUVECs from newborn 

twins of opposite sex, cultivated them without stress in standard growth medium, exposed them to 

wounding and serum starvation, and investigated the impact of the growth factors and the sex on 

migrational behavior and metabolic issues. The current work focused on the alterations of not only 

the intra- but also the extracellular proteome, because paracrine signaling is crucial for intercellular 

communication in order to cope with stress. General differences between male and female cells were 

observed for proteins encoded on the X chromosome with higher levels in females (DDX3X, UBA1, 

EIF1AX, RPS4X, HDHD1), except for one protein with higher levels in male cells (G6PD). A Y-

chromosomal protein was, for the first time, identified in endothelial cells (DDX3Y). Wounding, 

starvation, and growth factor treatment led to alterations and sex-specific different levels in an 

unexpectedly high number of proteins, with VEGF showing a stronger impact than bFGF. Many 

proteins with alterations observed without taking the sex into account, were actually only changed in 

male or female cells. Some proteins were regulated in opposite directions, or growth factors inhibited 

their secretion in a sex-specific way by unknown mechanisms. Tissue factor pathway inhibitor 2 (TFPI2) 
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should be emphasized as a protein with sex-specific differences, especially in the extracellular space 

and with increased levels after starvation and VEGF treatment. These observations suggest a temporal 

lack in TFPI2 synthesis and secretion in male cells, which might explain the enhanced adaptation of 

females to wounding. 

The results of this work lay the basis for future investigation by providing a database of intra- 

and extracellular proteome changes due to different environmental circumstances. It strongly 

suggests the investigation of male and female HUVECs, and other cells, separately to avoid the impact 

of the sex observed in this work. Essentially, the observations suggest a number of candidate proteins 

for more detailed investigations of endothelial and cardiovascular diseases. 

 



 

 

 

4 



INTRODUCTION 

 

 

5 

1 Introduction 

Blood circulation is a delicately controlled system and malfunction can provoke a variety of 

diseases (Figure 1.1). Insufficient blood flow (hypotension) leads to malnutrition of all body parts, and 

consequently, organ dysfunction and hypotensive shock can occur [1]. Hypertension has been long 

known as a risk factor for stroke, cardiovascular disease (CVD), and end-stage renal disease [2].  

 

Figure 1.1 Anatomical heart scheme and cardiovascular diseases. 

Depicted diseases are taken from “The Global Burden of Disease” studies [3, 4]. Image is taken from “Cardiac 

Anatomy and Physiology: A Review” [5]. 

In its annual reports “The Global Burden of Disease” (GBD) stated CVDs as the top cause of 

death in adults living in industrial nations since it was started in 1990 [3, 4]. In the “Global Atlas on 

Cardiovascular Disease Prevention and Control” from 2016 the World Health Organization divided 

CVDs into those caused by atherosclerosis and others, which are not caused by atherosclerosis [6]. 

This disease is the result of immune cells intruding into the inner layers of blood vessels after small 

injuries to, or a dysfunction in the endothelium, and asymptomatic fatty streaks arising afterwards 

(reviewed in [7]). These fatty streaks are known to develop already in young children and can entail 

lesions and eventually fibrous plaques leading to occlusion of the concerned arteria [7]. This can 

ultimately cause diseases like ischemic heart disease or cerebrovascular disease [6]. CVDs that were 
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not caused by atherosclerosis can, among others, be congenital, based on rheumatic fever, or manifest 

as cardiomyopathies.  

Most CVDs are accompanied by fibrosis, which can be caused by, or consequence of 

cardiovascular events, as it may develop after myocardial infarction due to atherosclerosis [8], or lead 

to cardiomyopathies with systolic dysfunction and worse outcome in patients with these diseases [9–

11]. The development of fibrous tissue is a consequence of proliferating fibroblasts synthesizing 

extracellular matrix (ECM) proteins [12, 13], affecting cellular key players with significant 

consequences for cardiac function (reviewed in [14]):  

i) Mechanical stiffness and diastolic dysfunction are results of increased synthesis and 

impaired degradation of the ECM [15].  

ii) Disruption of electrical coupling between cardiomyocytes by increased ECM deposition 

[16].  

iii) Inflammation and fibrosis in the perivascular areas may lead to a vicious circle within 

the pathological remodeling response [17].  

The course of fibrosis and its triggers have been extensively reviewed by Talman and Ruskoaho 

[18]. After myocardial infarction “replacement fibrosis” occurs in order to form a scar and prevent 

ventricular wall rupture (reviewed in [19] and [20]). Subsequent to the death of cardiomyocytes due 

to injury and their inability to proliferate and support the healing process, fibroblasts secrete matrix 

metalloproteases (MMPs) that degrade the ECM, which allows cells to migrate into the injured area 

[18]. The injury also activates secretion of chemokines, which, in turn, induce infiltration of leukocytes 

clearing the area from dead cells and ECM fragments and, thereby, making space for immune cells. 

When the pro-inflammatory signals abate, fibroblasts take over and turn into migratory 

myofibroblasts, which secrete collagens crucial for preventing ventricular wall rupture [19–21]. At the 

end of normal wound healing, the myofibroblasts would be cleared completely from the area, but this 

doesn’t apply for the heart [22]. In the myocardium the “reactive fibrosis” occurs outside of the 

infarction zone, induced by mechanical stress and molecular mediators, altering the ventricular 

framework and compromising cardiac output [19, 20]. The underlying mechanisms are still not clear, 

but the continuing mechanical stress may cause ongoing fibroblast transition to myofibroblasts and 

secretion of pro-fibrotic molecules also into non-infarcted areas [20, 23] (Figure 1.2). 
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Figure 1.2 Pro-fibrotic signaling factors and their effects on fibroblast proliferation. 

Illustration was taken from Talman and Ruskoaho [18]. SMA: smooth muscle actin; MMP: matrix 

metalloproteinase; TIMP; metalloproteinase inhibitor; EDA-FN: extra-domain-A-containing fibronectin; TGF: 

transforming growth factor; TSP: thrombospondin; CTGF: connective tissue growth factor. 

The cell mass of the human heart is made up by cardiomyocytes (about 80% [24]), and 

noncardiomyocytes, including endothelial cells, fibroblasts, vascular smooth muscle cells, pericytes, 

and leukocytes [25]. In cell numbers cardiomyocytes only account for 30-40% of all cells [24, 25]. The 

proportions of the different noncardiomyocytes vary between studies [24–27]. Figure 1.3 illustrates 

the most recent data regarding the heart cell composition [25], which vary depending on the examined 

region of the heart, age, and also species [24–28]. 

 

Figure 1.3 Murine heart cell composition 

Percentage of cell numbers of different cell types present in the heart. CM: cardiomyocytes; EC: endothelial 

cells; cEC: coronary endothelial cells; FB: fibroblasts; VSMC/PC: vascular smooth muscle cells/pericytes; LC: 

leukocytes. Adapted from Pinto et al. [25]. 
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The adult heart has to cope with a multitude of circulating factors and reciprocating signals 

within the body, also in response to pathological conditions in other organ systems [29]. The various 

cells of the cardiac tissue form an intricate network. Structurally, the ventricular myocardium is 

organized into laminae of myocytes, which are surrounded by an endomyosial collagen network, 

where cardiac fibroblasts interconnect with myocytes, and endothelial cells and vascular smooth 

muscle cells are largely confined to the coronary vasculature [30] (Figure 1.4).  

 

Figure 1.4 Cardiac cell network and secreted ECM components 

Illustration was adapted from Baudino et al. [27] and Bowers et al. [29]. MMPs: matrix metalloproteases. 

Endothelial cells line blood vessels and the myocardium to the inside, regulate the vascular 

tone, and the passage of various substances and blood cells into the tissue (reviewed in [31]). This is 

made possible by the numerous membrane-bound receptors for growth factors, coagulants and 

anticoagulants, lipid transporting particles, metabolites, and hormones localized in the endothelial 

membrane [31]. Endothelial cells are connected to each other by gap junctions containing different 

connexins [32], which are involved in the regulation of vascular tone [33]. Tight junctions and the 

extracellular matrix (ECM) connect them to cardiomyocytes and fibroblasts [34], which exert different 

effects. Fibroblast-endothelial cell communication contributes to angiogenesis, cell proliferation, 

cardiomyocyte hypertrophy and apoptosis (reviewed in [35]). For example, fibroblast signaling can 
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stabilize the endothelium, and endothelial cells in turn promote the formation of myofibroblasts 

(involved in fibrosis development) in vitro [36]. Endothelium-cardiomyocyte interaction modulates 

endothelial survival by vascular endothelial growth factor (VEGF), and cardiomyocyte development, 

survival, and contraction (reviewed in [37]). Cardiomyocytes provide the structures and biochemical 

reactions for successful contraction, and have lost the ability to turn into an active cell cycle [18], 

which makes them vulnerable to apoptosis, e. g. during fibrosis. Fibroblasts are involved in maintaining 

and renewing content and structure of the ECM, of which they are main producers [38, 39], and 

participate in transduction of electrical and mechanical signals thereby contributing to ventricular 

contraction [35, 40]. A multitude of studies and reviews with the target of illuminating the complex 

relationships between cardiac cells and the ECM demonstrate the need and the difficulty to 

understand the mechanisms underlying this intricate network. The ECM is a dynamic collection of 

macromolecular proteoglycans, glycoproteins, proteases, collagens, growth factors, and cytokines 

secreted in different combinations by different cell types (Figure 1.4). Modulation of these various 

components maintains the proper intercellular communication and influences proliferation, ECM 

composition, and electrical conductivity [27, 29, 35, 41, 42]. The interlocked processes also show how 

fragile and vulnerable this system is to endogenous discrepancies or external influences, which could 

thereby conjure cardiac malfunction.  

Although some key players have been subject to extensive investigation, most of the processes 

and signaling cascades have not yet been fully understood. Cytokines are well-known messengers in 

cell signaling and regulation of cell behavior, and they maintain this role in cardiac development and 

remodeling [43–45]. They are significant components of the ECM [43, 46], and are likely major 

mediators of cell communication in the heart [34]. Interleukin-6 (IL-6), for example, appears to be one 

of the major players of inflammation in general, and of cardiac remodeling and fibrosis in particular. 

Several groups discovered IL-6 and other members of its family to play important roles in tissue repair 

and infarct healing [47–49], which supports the findings of IL-6 synthesis in mononuclear cells and 

cardiomyocytes in the ischemic myocardium [50–52] promoting cardiac hypertrophy and protection 

of cardiomyocytes from apoptosis (reviewed in [53]). Banerjee et al. stated, that the loss of IL-6 causes 

ventricular dysfunction and fibrosis, and dramatically alters cardiac cell populations [54]. In contrast, 

in chronic inflammation IL-6 was proposed to have a rather detrimental role favoring mononuclear-

cell accumulation at the site of injury, and constant signaling becomes associated with cardiac 

remodeling, fibrosis, and chronic inflammation [55–57]. The switch of IL-6 effects from beneficial to 
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detrimental might be a hallmark of fibrotic development, but the molecular alterations caused in 

cardiac cells are still elusive.  

In addition to the established factors, new players, or old players with new roles, emerge in the 

field of cardiovascular diseases. Ameling et al. [58] for example, investigated the responsiveness of 

patients with dilative cardiomyopathy (DCM) to immunoadsorption therapy distinguishing 

“responders”, who showed improving cardiac parameters after therapy, and “non-responders” who 

didn’t. Expression of ventricular CXCL11 was increased in responders after therapy, but decreased in 

non-responders [58], which points to an involvement of CXCL11 in DCM regulation and outcome. 

CXCL11 has not yet been linked directly to heart failure, but its expression is mainly, but not 

exclusively, induced in endothelial cells [59, 60] causing endothelial migration [61] and recruitment of 

Type 1 helper T cells associated with inflammatory reactions and presenting the CXCL11 receptor 

CXCR3 [62–64]. T-cell and endothelial activation in the left ventricle results in T cell infiltration, which 

promotes heart failure progression by release of cytokines and induction of cardiac fibrosis and 

hypertrophy [65].  

Another example is brain-derived neurotrophic factor BDNF, which was initially identified as a 

supporter of neuronal survival [66], exerting its properties by binding the BDNF/NT-3 growth factor 

receptor (NTRK2, also tropomyosin-related kinase receptor B (TRKB), [67, 68]). Later on, Donovan et 

al. proposed that BDNF not only promotes neuronal survival, but defects in expression of BDNF impairs 

survival of endothelial cells in intramyocardial arteries and capillaries by reduced endothelial cell-cell 

contacts and apoptosis [69]. BDNF is secreted by cardiomyocytes, improves Ca2+ cycling, contractility, 

and relaxation through binding of NTRK2, and deletion of either ligand or receptor leads to 

cardiomyopathy [67, 68]. Several groups found lower levels of BDNF in the serum and plasma of heart 

failure patients and proposed it as a prognostic biomarker [70–72], although Okada et al. reported 

increased BDNF plasma levels in post-infarcted mice [73].  

The molecular mechanisms stimulated by CXCL11 or BDNF in cardiac cells are still elusive and 

the effects of these molecules on cellular behavior are a promising target for the investigation of the 

processes driving cardiovascular diseases. Pursuing this venture, the examination of intra- and 

extracellular alterations as well as proliferative or cytotoxic effects due to CXCL11, IL-6, or BDNF 

treatment of cardiac cells are a promising opportunity. When the experiments for the current work 

started, human cardiac cells were hardly available and/or cultivatable, but the murine HL-1 and L929 

tumor cell lines were well-established cardiomyocyte and fibroblast models, respectively, for 
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cytotoxicity assays as they maintain the adult phenotype [74–79]. The cells could be easily cultivated, 

treated with the desired cytokines, and changes in proliferation and intracellular molecule levels could 

be observed. These molecular changes were investigated using mass spectrometry (MS) based 

proteome analyses. The applied bottom-up MS/MS approach uses peptides, and fragments of these, 

to identify proteins in cell lysates and supernatants [80, 81], thereby providing an overview of changes 

in a variety of proteins. A major issue of cell culture proteomics is the fact that most of the cell lines 

require fetal calf serum (FCS) to maintain proper growth and proliferation. FCS contains numerous 

bovine proteins [82] and, while harvested cells only need to be washed properly to rinse off the bovine 

proteins, the supernatants are contaminated with these. In mass spectrometric analysis, the high 

concentration of bovine peptides would mask the murine peptides secreted from the murine cells and 

compromise the protein identifications due to suppression effects and the extensive similarity 

between the species [83]. The ability of growth and proliferation of HL-1 and L929 cells in FCS-free 

medium – at least for 24-48 h – is another advantage of these cell lines [84–86]. In order to validate 

the known cell response to cytokine treatment, transforming growth factor ß (TGFß) and tumor 

necrosis factor α (TNFα) were used as controls in this study.  

TGFß is a key mediator of the transition from inflammation to fibrosis after cardiac injury 

(reviewed in [13]). This protein is produced by vascular smooth muscle cells and fibroblasts, and 

affects almost all cell types inhabiting the myocardium and involved in cardiac repair (reviewed in [87–

89], Figure 1.5). A proliferative effect of TGFß on L929 fibroblasts was observed by Daniela Suhr [90]. 
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Figure 1.5 Cell types affected by TGFß. 

Illustration was taken from Bujak and Frangogiannis [89]. 

TNFα, in contrast, is expressed mainly, but not exclusively, in immune cells and is a potent 

inducer of a variety of other cytokines like IL-6 or TGFß [91–94]. TNFα activates different signaling 

pathways leading to very different reactions: The caspase pathway leads to apoptosis (reviewed in 

[95]), whereas the activation of nuclear factor NF-kappa-B (NF-kB) inhibits apoptosis and enhances 

cell proliferation (reviewed in [96]). The impact of TNFα seems to depend on the cell type and although 

the exact mechanism of regulation is still unclear, it was proposed that NF-kB activation leads to the 

expression of proteins attenuating caspase activity [97, 98]. These reactions are managed by the type 

1 TNF receptor, whereas the type 2 receptor appears to be involved in inflammatory response, the 

interaction between lymphocytes and endothelial cells, and the proliferation of myofibroblasts [99–

101]. Most importantly, it exerts cytotoxic abilities in L929 fibroblasts [75, 102], rendering it a useful 

control for the fibroblast phenotype. An overview of TNFα-induced proteome changes in cardiac cells 

is still missing, which is why this cytokine was not only used as a control, but also as a target in this 

study. 

As endothelial cells are one of the three main cell types, their response to growth factors, stress, 

and the impact of cellular sex was investigated in collaboration with the group of Verena Stangl and 

Mario Lorenz at the University Hospital Charité in Berlin. It is well known that the sex plays a significant 

role in susceptibility, prevalence, and outcome of different diseases. The number of deaths caused by 
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CVDs is higher in men than in women younger than 69, but higher in women older than that compared 

to men of the same age bracket (Figure 1.6).  

 

Figure 1.6 Assessment of cardiovascular disease caused deaths by “The Global Burden of Disease” study 

Data were taken from GBD compare data visualization [4]. 

The risk of developing a CVD is much greater among women who smoke or have diabetes than 

in men, who do the same [103], but women with advanced heart failure appear to have a better 

chance of survival than men [104, 105]. The female menopause was stated as a factor with major 

impact on the development of CVDs, as postmenopausal women were reported to have a higher 

prevalence of cardiovascular events compared to premenopausal women of the same age [106]. This 

might be due to the detrimental effect of estrogen withdrawal on cardiovascular function and 

metabolism after menopause (reviewed in [107]). 

Endothelial cells are the first line of defense against infectious and other agents that might be 

hazardous for the tissue behind them. This is why they are prone to wounding and exert migration 

properties. It could be assumed, that the ability of supporting wound healing and preventing 

endothelial dysfunction might be different between male and female cells, but evidence for such an 

assumption is still lacking. Steinberg et al. reported stronger endothelium-dependent vasodilation in 

premenopausal women than in men resulting from higher rates of nitric oxide release, but this may 

be a hormonal aspect [108]. 

Endothelial cells from the vein of umbilical cords of newborn dizygotic twins offer a powerful 

tool to analyze sex-specific characteristics on cellular level. First, with newborn twins as the source, 
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any external environmental influences and a greater genetic variation, like one in non-related 

newborns that might affect the study results, are reduced. Second, human umbilical vein endothelial 

cells (HUVECs) are a well-established cell model for the investigation of endothelial dysfunction [109]. 

Until recently, the cellular sex has not been taken into account, but groups have started to compare 

male and female HUVECs [110–113]. These groups reported that female HUVECs show increased 

survival, less oxidative stress, improved angiogenesis, stronger cell proliferation and migration, higher 

mRNA levels of endothelial nitric oxide synthase (eNOS or NOS3, which produces the vasodilator nitric 

oxide [114]), higher transcription of immune-related genes, and stronger transcriptional response to 

shear stress compared to male cells. However, these studies did not take the genetic variability of non-

related samples into account, which is why the group of M. Lorenz sampled HUVECs from dizygotic 

twins, born during a period of 17 months, to investigate the impact of sex on the cellular response to 

wounding, malnutrition, and growth factor treatment [115, 116]. The cells were subjected to wound 

simulation in scratch assays [117] with subsequent malnutrition due to FCS withdrawal, with or 

without growth factor supplements, also allowing the comparison of secretomes. Male and female 

cells were compared regarding their migration capacity, mitochondrial activity, metabolites, and their 

proteomes. The latter was part of this work using the bottom-up MS/MS approach (see 2.5 and 2.6) 

to elucidate proteome differences between the sexes and the impact of the different treatment 

conditions in general.  

The impact of vascular endothelial growth factor (VEGF) and basic fibroblast growth factor 

(bFGF), which were applied in the experiments, have been widely investigated on HUVECs. 

Angiogenesis is strongly driven by VEGF [118], and the investigation of a differential response of male 

and female cells to VEGF treatment might be helpful to understand the sex-specific behavior of cells. 

The most prominent member of the VEGF family (Figure 1.7), VEGFA, is upregulated by hypoxia-

inducible factor 1-alpha (HIF1A), myocardial stretch, and in chronic circulatory overload. It reduces 

myocardial apoptosis, and promotes angiogenesis [119–126]. The main receptor is VEGFR2, whose 

signaling pathways have been extensively reviewed by Taimeh and Olsson [127, 128]. In HUVECs, the 

protein synthesis machinery is upregulated and a variety of proteins is phosphorylated via VEGF 

signaling (reviewed in [123] and [129]). 
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Figure 1.7 Binding of VEGF family members and downstream signaling cascades. 

Illustration was taken from Ylä-Herttuala [119]. 

Another effector molecule of endothelial dysfunction is bFGF. This growth factor is mainly 

known to be involved in repair and regeneration of multiple tissues and neuronal protection (reviewed 

in [130]), in cardiac cell structure, and angiogenesis. Although bFGF knockout mice develop normally 

and have normal cardiac structure and mass, they also display reduced smooth muscle cell 

contractility, reduced cell proliferation and collagen deposition, and an impaired hypertrophic 

response to pressure overload [131–134]. This might be due to its effect on the FGF receptors FGFR1 

and 2 expressed by endothelial cells, because mice missing those showed not only impaired vascular 

remodeling and cardiac functional recovery [135], but also diminished neovascularization after skin 

injury [136]. bFGF is also highly expressed in cardiac fibroblasts and induces proliferation and DNA 

synthesis in myocytes, induces endothelial cell and fibroblast proliferation, and cardiomyocyte 

hypertrophy, suggesting pro-fibrotic properties [40, 137–139]. VEGF and bFGF and their role in 

endothelial function have been extensively investigated over the last decades. The level of knowledge 

about these growth factors makes them interesting targets for the investigation of a sex-specific 

cellular response to wounding and nutritional stress.  

Intricate interlaced networks of protein interactions, signaling cascades, and cellular crosstalk 

regulate cardiac function. Stress through inflammation, malnutrition or wounding are constant threats 
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for the cells building the clockwork that runs the cardiovascular system. Since changes in response to 

external and internal factors are not yet understood, mass spectrometric protein profiling could 

provide a comprehensive overview that reveals new proteomic alterations in cardiac cells. Thus, HL-1 

and L929 cells were used as models for cardiomyocytes and fibroblasts, respectively, to investigate 

the impact of IL-6, TNFα, BDNF, and CXCL11 on cell viability and protein pattern. In the second part of 

the thesis, HUVECs, as a model for endothelial cells, were isolated from dizygotic twins to investigate 

the impact of the cellular sex on proteome differences due to stress and growth factor treatment. All 

experiments were conducted to analyze the intra- and extracellular proteome with a bottom-up 

MS/MS approach to obtain an overview of the induced changes that is as comprehensive as possible.  
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2 Material & Methods 

2.1 Cell media and buffers 

Solution Amount Chemical 

L929 medium 86 ml Minimum Earle‘s Medium (MEM) (Millipore, Cat. No. F0325) 

 10 ml Fetal calf serum (Biochrom, Cat. No. so115) 

 1 ml Non-essential amino acids (PAN Biotech, Cat. No. P08-32100) 

 1 ml L-Glutamine (200mM stock, Sigma, Cat. No. G7513) 

 1 ml Sodium pyruvate (PAN Biotech, Cat. No. P04-43100) 

 

HL-1 medium 87 ml Claycomb medium (Sigma, Cat. No. 51800C) 

 10 ml Fetal calf serum (Sigma, Cat. No. F2442) 

 
1 ml Penicillin (100 U/ml final concentration, Sigma, Cat. No. 

P3032)/Streptomycin (100 µg/ml final concentration, Sigma, 
Cat. No. S6501) 

 1 ml Norepinephrine (10 mM stock, Sigma, Cat. No. A0937) 

 1 ml L-Glutamine (200 mM stock,Sigma, Cat. No. G7513) 

  sterile filtrated before antibiotics were added 

 

4% Paraformaldehyde 2 g Paraformaldehyde resolved in 50 ml PBS 

 10 N NaOH added until solution clears 

  pH 7,2 adjusted with HCl 
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Solution Amount Chemical 

1x Urea/Thiourea (UT) 1.92 g Urea 

 0.61 g Thiourea 

 ad. 4 ml A. dest 

 

SDS-PAGE  

 4x Separation gel 
 buffer 

18.2 g Tris/HCl 

2 ml 20% SDS 

 ad. 100 ml A. dest. 

  pH 8.8 adjusted with HCl 

   

 Separation gel (2 gels, 
 12.5%) 

3.9 ml 40% Acrylamide 

3.125 ml 4x Separation gel buffer 

 5.45 ml A. dest. 

 50 µl 10% APS 

 12.5 µl TEMED 

   

 4x Stacking gel buffer 6 g Tris/HCl 

 2 ml 20% SDS 

 ad. 100 ml A. dest. 

  pH 6.8 adjusted with HCl 
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Solution Amount Chemical 

 Stacking gel (2 gels) 516 µl 40% Acrylamide 

  1.05 ml 4x Stacking gel buffer 

 2.6 ml A. dest. 

 30 µl 10% APS 

 5 µl TEMED 

   

 Running buffer 3 g Tris 

 14.4 g Glycine 

 5 ml 20% SDS 

  ad. 1 l A. dest. 

   

 2x sample buffer 4 ml Glycerol 

 1 ml Mercaptoethanol 

 2 ml 20% SDS 

 4 mg Bromophenol blue 

 5 ml 4x Stacking gel buffer 

 ad. 20 ml A. dest. 
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Solution Amount Chemical 

Coomassie stain   

Coomassie Brilliant 
Blue stock solution 

5 g Coomassie Brilliant Blue G-250 

 ad. 100 ml A. dest. 

   

 Colloidal Coomassie 
Dye stock solution 

50 g (NH4)2SO4 

6 ml 85% Phosphoric acid 

10 ml CBB stock solution 

 ad. 490 ml A. dest. 

   

 Colloidal Coomassie 
Solution 

200 ml CCD stock solution 

50 ml Methanol 

   

Western Blot   

 10x Transfer buffer 
 (pH 8.5) 

30.3 g Tris 

144.1 g Glycine 

 ad. 1 l A. dest. 

   

 1x Transfer buffer 100 ml 10x Transfer buffer 

 200 ml Methanol 

 2.5 ml 20% SDS 

 ad. 1 l A. dest. 
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Solution Amount Chemical 

 10x Phosphate 
 buffered saline (PBS, 
 pH 7.4) 

80 g NaCl 

2 g KCl 

2.4 g KH2PO4 

 14.4 g Na2HPO4 

   

 1x PBS-T 100 ml 10x PBS 

 1 ml Tween 20 

 ad. 1 l A. dest. 

   

 10x Tris buffered saline 
 (TBS, pH 7.6) 

24.2 g Tris 

80 g NaCl 

 ad. 1 l A. dest. 

   

 1x TBS-T 100 ml 10x TBS 

 1 ml Tween 20 

 ad. 1 l A. dest. 

Ink dye 100 ml PBS-T 

 1 ml Acetic Acid 

 100 µl Ink 

   

Ponceau dye 0.36 g Ponceau S (Sigma) 

 6 ml Acetic acid 

 54 ml A. dest. 
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2.2 Cytokine treatment of eukaryotic cell lines 

2.2.1 Cultivation of eukaryotic cell lines 

Murine L929 fibroblasts and HL-1 cardiac myocytes were used to investigate molecular changes 

in different cell types present in the heart due to cytokine and growth factor treatment. 

The L929 fibrosarcoma cell line is a subclone of a murine male C3H/An strain, which was derived 

from normal subcutaneous areolar and adipose tissue, and is a well-established model for measuring 

TNFα activity [74]. The cells were grown in 10 cm-dishes in supplemented MEM (see 2.1) at 37 °C and 

5% CO2 in a humidified incubator until at least 90% confluence was reached. The cells were split every 

2-3 days to maintain genetic homogeneity. Therefore, cells were washed with 5 ml 1x PBS (10x PBS, 

Life Technologies, Cat. No. 70011044) and incubated with 1 ml trypsin/EDTA (PAN Biotech, Cat. No. 

P10-019100) at 37 °C for 5 min to detach the cells. To stop the tryptic reaction 5 ml of supplemented 

MEM were added and cells were transferred to a 15 ml Falcon tube. For cell counting in an improved 

Neubauer chamber (see 2.2.2) 10 µl of the cell suspension were used. The volume containing 300.000 

cells was added up to 10 ml with supplemented MEM and transferred to a new 10 cm-dish. 

For cryopreservation cells were washed and incubated with trypsin as described above. After 

stopping the tryptic reaction, the cells were transferred to a 15 ml Falcon tube and centrifuged at 

500 x g and 20 °C for 5 min. The cell pellets were resuspended in supplemented MEM with 5% DMSO 

and slowly frozen at -80 °C before being stored in liquid nitrogen. 

The cells were revitalized by adding supplemented MEM (37 °C) by pipetting up and down until 

complete thawing. The cell suspension was then added to 10 ml of supplemented MEM and 

centrifuged at 500 x g and 20 °C for 5 min. The pellet was resuspended in 1 ml supplemented MEM 

and added to 9 ml of the same medium prepared in a 10 cm-dish. 

The cardiac muscle cell line HL-1 was derived from the AT-1 murine atrial cardiomyocyte tumor 

lineage and is suitable for manipulation due to the preserved ability to contract and retained cardiac 

properties [78]. Prior to cultivation of HL-1 cells T75-flasks were coated with 1 ml coating solution (5 

µg/ml fibronectin (Sigma, Cat. No. F1141-1MG) in 0.02% gelatine) for 1h at 37 °C. HL-1 cells were 

treated exactly according to the protocol and with the substances recommended by the Claycomb 

Lab. Cells were cultivated in supplemented Claycomb medium (see 2.1) at 37 °C and 5% CO2 in a 

humidified incubator until at least 90% confluence was reached. For splitting, the cells were washed 
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once with 5 ml PBS (Sigma-Aldrich, Cat. No. D8537) and once with 3 ml trypsin/EDTA (Sigma-Aldrich, 

Cat. No. T3924). After incubation with 3 ml trypsin/EDTA (3 min, 37 °C) the tryptic reaction was 

stopped using 3 ml soybean trypsin inhibitor (25 mg in 100 ml PBS, Sigma-Aldrich, Cat. No. T6522) and 

the cell suspension was transferred to a 15 ml Falcon tube. The culture flask was rinsed with 5 ml 

additional medium, which was added to the already harvested cell suspension. The cells were pelleted 

(5 min, 500 x g, 20 °C) and resuspended in 9 ml medium. Of this solution 3 ml were added to the 

culture flask containing 12 ml medium. The cells were split twice a week and medium was changed 

every day without splitting. 

For cryopreservation cells were washed, trypsinized and centrifuged as described above. Cell 

pellets were resuspended in 2 ml FCS with 5% DMSO, transferred to a cryovial, slowly frozen at -80 °C 

and stored in liquid nitrogen. 

HL-1 cells were revitalized by adding 37 °C warm medium to the frozen cells and pipetting up 

and down. The completely thawed suspension was transferred to 10 ml medium in a 15 ml Falcon 

tube and centrifuged at 500 x g and 20 °C for 5 min. 10 ml medium were prepared in a coated T75 

flask. Cell pellets were resuspended in 5 ml medium and transferred to the prepared flask. After 4 

hours of incubation at 37 °C cells were attached and medium was changed. 

Isolation, cultivation, and cell pellet/supernatant sampling of HUVECs (see also 2.2.4) was 

carried out by the group of M. Lorenz at the Charité, Berlin. The isolated cells from 15 pairs of twins 

of the opposite sex and one triplet consisting of one male and two females (33 individuals) were grown 

in 6-cm dishes in Medium 199 (M199) with 20% FCS [115].  

2.2.2 Cell counting 

L929 and HL-1 cells were washed and incubated with trypsin. The tryptic reaction was stopped 

and cells were collected in a 15 ml Falcon tube. HL-1 cell suspensions were centrifuged and 

resuspended in medium (see 2.2.1). The counting of cells was performed for both L929 and HL-1 cells 

in the same way.  

10 µl of a cell suspension were used for cell number counting in a Neubauer chamber. These 

contain 3x3 squares with an area of 1 mm2 and a depth of 0.1 mm. The central square consists of 5x5 

squares with an area of 0.04 mm2, each subdivided into squares with an area of 0.0025 mm2 (Figure 

2.1). The number of cells counted in the central square equaled the number of cells per µl. 
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Figure 2.1 Schematic of an improved Neubauer chamber. 

 

The volume corresponding to 900.000 cells was added up to 13.5 ml to gain a final cell 

concentration of 10.000 cells/150 µl (see 3.2.1). The inner 80 wells of a 96-well plate (coated with 50 

µl coating solution prior to HL-1 cultivation) were then filled with 150 µl each to obtain 10.000 cells 

per well. The cells were incubated for 24 h at 37 °C in their respective medium (see 2.2.1) with or 

without FCS.  

2.2.3 Titration of optimal cytokine concentration in 96-well plates 

After growth to 80-90% confluence, the medium was aspirated and cells were washed with PBS. 

The recombinant murine proteins TGFß (Cell Signaling, Cat No. #5231), TNFα (Cell Signaling, Cat No. 

#5178), CXCL11 (Biolegend, Cat No. 578302), IL-6 (Life Technologies, Cat No. RP-8629), and BDNF 

(Santa Cruz Biotechnologies, sc-4554) were dissolved in supplemented MEM (L929) or Claycomb 

medium (HL-1) in different dilution series with or without FCS. Of each solution 150 µl were used per 

well and cells were incubated for 24 h at 37 °C. Cells were then washed with PBS and incubated for 

three hours with 10 µl resazurin solution (PromoKine, Cat No. PK-CA707-30025) in 100 µl medium with 

or without FCS (according to the FCS supplement during growth). Resazurin is reduced to the 

fluorescent resorufin by metabolic active cells, and the assay is therefore often used for the 

determination of cell viability [140]. The intensity of fluorescence is proportional to the number of live 

cells. For the determination of the optimal incubation time with resorufin, fluorescence with 

excitation/emission wavelengths 530/590 nm (according to manufacturer’s protocol) was detected 

with a Varioskan Flash (Thermo Electron Corporation) microplate reader every 30 minutes.  

Cells were then washed with PBS and fixed with 100 µl 4% paraformaldehyde (see 2.1) per well 

for 10 min at room temperature. The surplus fixing solution was removed by washing the cells three 

times for five minutes with PBS. Cells were then dyed with 100 µl/well freshly prepared crystal violet 

solution (Sigma, 1:3.6 stock solution to ethanol ratio) for 10 min at room temperature. Crystal violet 

is a chemical dye, which binds to surface proteins of cells. The colorimetric absorption of the dye is 
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proportional to the number of adherent cells [141]. After removal of the surplus dye by intensive 

washing with A. dest., protein-bound dye was solubilized with 1% SDS (200 µl/well, 1000 rpm). 

Absorption was measured at 560 nm with the Varioskan Flash microplate reader. 

2.2.4 Cell treatment 

L929 and HL-1 cells were grown with 180.000 cells/well in 6-well plates with 2 ml medium and 

FCS for 24 h at 37 °C. Cells were washed with PBS before cells were incubated for 24 h at 37 °C with 2 

ml FCS-free medium supplemented with either 0.1 ng/ml CXCL11, 0.05 ng/ml IL-6, 5 ng/ml BDNF, or 1 

ng/ml TNFα before harvest and protein extraction. Cells incubated with medium not containing 

recombinant proteins were used as control. All assays were carried out in three replicate wells per 

plate. Treatments with CXCL11 were carried out in three independent experiments, treatment with 

IL-6, BDNF, and TNFα in two. Supernatants were transferred to reaction tubes and immediately frozen 

in liquid nitrogen. Cells were washed with PBS and incubated with 500 µl/well 1xUT for 5 min at 37 °C. 

The detached cells were collected in 1.5 ml reaction tubes and rapidly frozen in liquid nitrogen.  

At confluence, HUVECs of all 33 individuals were washed twice with ice-cold PBS and harvested 

using trypsin (5 min, 1000 x g, “basal” samples). Another 5 replicates of 16 dizygotic pairs were grown 

in the same way and, at confluence, scratched with the broad end of a 1000 ml pipette tip to simulate 

a wound (“scratch” samples). Cultures were washed with 0.5% FCS and incubated in M199 medium 

supplemented with 20% FCS (one replicate) or 0.5% FCS (four replicates) for another 5 h (one 

replicate) or further treated by starvation for 16 h or incubated with 2 nM VEGF or 6 nM bFGF as 

shown in Figure 2.2. The cells were then washed with PBS, detached using trypsin and harvested 

(5 min, 1000 x g). The culture supernatants of cells grown with 0.5% FCS were transferred to reaction 

tubes and immediately frozen in liquid nitrogen. 
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Figure 2.2 Workflow of HUVEC cultivation. 

HUVECs were isolated from umbilical cords of 15 twins of the opposite sex and one triplet (one male, two 

females). 

2.3 Protein extraction 

2.3.1 Extraction of intracellular proteins 

Cells were solved in 300 µl 1x UT buffer, disrupted by six cycles of freezing in liquid nitrogen, 

thawing and shaking for 10 min at 30 °C and 1.400 rpm, and vortexing. For DNA degradation, solutions 

were sonicated three times for three seconds at 50% power and stored on ice between steps. The 

solutions were then centrifuged at 17.000 x g and 20 °C for one hour. The protein containing 

supernatant was transferred to a new tube. Protein concentrations were determined using a Bradford 

assay [142]. The standard curve was obtained using BSA in different concentrations (Table 2.1). For 

protein estimation in samples 5 µl each were used in triplicates, mixed with 795 µl A. dest., and 200 

µl Bradford solution (BioRad, Cat. No. 500-0006) was added. Protein concentrations were calculated 

according to the standard curve with the SwiftQuant software (Sunrise Computer Systems). 

Table 2.1 Pipetting scheme for Bradford standard curve calculation 

BSA [µg] 0 1 2 4 6 8 10 12 

BSA stock solution (0.1 mg/ml) [µl] 0 10 20 40 60 80 100 120 

A. dest. [µl] 800 790 780 760 740 720 700 680 

Bradford solution [µl] 200 200 200 200 200 200 200 200 

 

HUVECs 
isolated

“non-starved” (no supernatant)

“5h starved”

“16h starved”

“VEGF”

21h

2 nM VEGF

5h

scratch

cultivation 
in 20% FCS

confluence

0h

change 
medium

20% FCS

0.5% FCS

0.5% FCS

0.5% FCS

0.5% FCS
6 nM bFGF

“bFGF”
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2.3.2 Extraction of proteins from FCS-free supernatants 

Proteins in the supernatants were obtained by a bead-based approach. For priming, 40 µl of the 

beads (StrataClean Resin, Agilent, 400714) were washed twice with 500 µl TE buffer (50 mM Tris, 10 

mM EDTA, pH 7) and centrifuged for 2 min at 8000 x g. The beads were then incubated with 200 µl 12 

M HCl for 5 h at 100 °C, pelleted by 2 min centrifugation at 8.000 x g, washed twice with 1.000 µl TE 

buffer as described above, and resuspended with 1 ml culture supernatant. The bead-protein-mixture 

was incubated overnight at 4 °C and overhead rotation. Afterwards, the beads were centrifuged for 5 

min at 10.000 x g and washed twice with 500 µl Tris buffer (50 mM Tris, pH7) with subsequent 

centrifugation for 2 min at 8.000 x g. The bead bound proteins were then incubated with 90 µl Tris 

and 10 µl dithiothreitol (DTT) (1 h, 60 °C, 600 rpm), and 30 µl Tris and 14 µl iodoacetamide (IAA) were 

added (30 min, 37 °C, overhead rotation). The beads were washed twice with 200 µl Tris (2 min at 

8.000 x g) and incubated with trypsin solution in a 1:25 enzyme to substrate ratio overnight at 37 °C. 

The samples were centrifuged (5 min, 10.000 x g, 4 °C), the peptide containing supernatant was 

transferred to a new tube, and the concentration was determined via a BCA peptide assay according 

to the manufacturer’s protocol. The enzyme reaction was stopped with 5% acetic acid to gain a final 

concentration of 1% and the samples were purified using µC18 reverse-phase material (see 2.5). 

2.3.3 Extraction of proteins from FCS-containing supernatants 

Proteins were obtained by acidic precipitation. Of each collected supernatant 500 µl were mixed 

with 85 µl TCA (final concentration 15%) and incubated on ice for 1 h. Proteins were pelleted by 

centrifugation (17.000 x g, 4 °C) and washed twice with 500 µl ice-cold acetone (17.000 x g, 15 min). 

The pellet was dried in a SpeedVac (Concentrator Plus, Eppendorf) and reconstituted shaking for 20 

min at 1.400 rpm in 50 µl 1x UT buffer (see 2.1.).  

2.4 Western Blot and Enzyme-linked Immunosorbent Assay 

2.4.1 Western Blot 

The gels for SDS-PAGE were prepared (solutions see 2.1) and placed into a running chamber 

filled with running buffer (see 2.1). The volume corresponding to 20 µg protein per sample were mixed 

with the same volume of 2x sample buffer (see 2.1), incubated for 5 min at 95 °C and loaded onto the 

gel together with a pre-stained marker (Fermentas, Cat. No. SM0431). Gels were run at 20 mA. Blotting 
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was carried out in a semidry Blotter (Millipore, Cat. No. NBBDGE002). At the beginning, a PVDF 

membrane (Merck/Millipore, Cat. No. IPFL00010) was activated for 15 s in 100% methanol and 

subsequent washing for 2 min in A. dest., followed by incubation in transfer buffer for 5 min (see 2.1). 

The Blot was prepared with 3x Whatman paper on the bottom and the membrane, the gel, and 3x 

Whatman paper on top and run at 90 mA for 2 h. To record the blotting efficiency, the gel was stained 

in Coomassie solution overnight, washed two times with 20% ethanol (15 min) and two times with A. 

dest. (1 h) before scanning. The membrane was washed in A. dest. (15 min) and ink stained (15 min) 

for recording of blotting efficiency. After scanning, the membrane was decolorized with PBS-T (see 

2.1), washed with TBS-T (5 min, see 2.1), and blocked with 5% milk powder (1.5 h). The primary 

antibody (rabbit anti-CXCL11, antikoerper-online, Cat. No. ABIN520078; rabbit anti-CXCR3, biorbyt, 

Cat. No. orb5924) was diluted in 5% milk powder and added to the membrane for incubation overnight 

at 4 °C. The antibody solution was removed, the membrane washed six times for 5 min with TBS-T and 

incubated for 1 h with the secondary antibody (goat anti-rabbit HRP-conjugated, Pierce, Cat. No. 

1858415) diluted in 5% milk powder. After six washing steps with TBS-T (5 min) the membrane was 

incubated for 5 min with the detection solution (Thermo Fisher/Pierce, Cat. No. 34096). After 

complete drying of the membrane, signals were detected with the NTAS Chemocam and the 

Chemostar software (Intas Science Imaging Instruments GmbH, Göttingen, Germany). 

Samples for TFPI2 detection were additionally mixed with 25 mM DTT and incubated for 30 min 

at 37 °C before mixing with LiCor sample buffer (LiCor, Cat. No. 928-40004) and loading onto a ready-

to-use gel (NuPage 4-12% Bis-Tris Midi Protein Gel, Invitrogen, Cat. No. WG1403Box) with a 

fluorescent marker (BioRad, Cat. No. 161-0377). A non-fluorescent Immobilon-FL PVDF membrane 

(Merck, Cat. No. IPFL00010) was used for Western blotting, stained with Poisson Red (see 2.1) after 

blotting, and signals were detected with the LiCor Odyssey CLx imager and the Image Studio software 

(LI-COR). TFPI2 antibody was purchased from VWR (Cat. No. ABNOPAB13690), and secondary antibody 

from LI-COR (IRDye 800CW goat-anti-rabbit, Cat. No. 926-32211).  

2.4.2 Enzyme-linked Immunosorbent Assay (ELISA) 

An ELISA precoated with antibodies against TFPI2 was purchased from Abcam (Cat. No. 

ab213836) and conducted according to the manufacturer’s protocol. A standard curve was prepared 

with recombinant TFPI2 concentrations of 5000, 2500, 1250, 625, 312.5 and 156.25 pg/ml. For each 

of the four conditions from which the supernatants of HUVEC cultures had been collected, samples of 

the same five twin pairs were used in the experiment. Unprecipitated supernatants were diluted 1:50 
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in dilution buffer provided in the ELISA kit. Absorption at 450 nm was measured with a Varioskan flash 

microplate reader. 

2.5 Sample preparation for mass spectrometry 

Proteins obtained from cells and supernatants were prepared with 4 µg per sample and diluted 

with 20 mM ammonium bicarbonate (ABC) to a concentration of less than 1 M urea. Proteins were 

reduced with 2.5 mM DTT for 1 h at 60 °C and alkylated with 10 mM iodoacetamide (IAA) for 30 min 

at 37 °C before digestion with trypsin in a 1:25 enzyme to substrate ratio for 17 h at 37 °C. Adding 

acetic acid to a final concentration of 1% stopped the reaction and samples were purified on µC18 

reverse-phase material (ZipTip μ-C18 Millipore Corporation, Billerica, MA, USA). The bound peptides 

were eluted stepwise with 50% and 80% acetonitrile (ACN) each in 1% acetic acid. The eluates were 

combined and lyophilized, and peptides were reconstituted in 2% ACN in 0.1% acetic acid (buffer A). 

For absolute quantification of protein levels in L929, HL-1, and HUVEC (basal male and female sample 

of one twin pooled), solubilized peptides were mixed with a synthetic Escherichia coli peptide mix of 

the chaperone protein ClpB (9.5 fmol/µg protein) in three replicates per cell type. 

2.6 MS/MS data acquisition 

Comparative protein profiling of cell lines at different conditions was carried out on a nano-

UPLC-LTQ-Orbitrap Velos system. Prior to mass spectrometric analyses, peptides were enriched on a 

nanoAcquity UPLC pre-column (2G-V/Mtrap, Symmetry C18, 180 µm x 20 mm, 5 µm particle size 

(Waters Corporation, Milford, USA)) and separated using a nonlinear 88 min gradient of 5%-60% ACN 

in 0.1% acetic acid at a flow rate of 400 nL/min on a nanoAcquity UPLC reverse phase column (BEH130, 

C18, 100 μm x 100 mm, 5 µm particle size (Waters)) operated on a nanoAcquity UPLC system (Waters). 

The eluate was directed into an LTQ-Orbitrap Velos mass spectrometer (Thermo Electron, Bremen, 

Germany). After a survey scan in the Orbitrap analyzer (scan m/z 300-1700 Da) 20 MS/MS spectra 

were recorded in the LTQ in a data dependent mode with exclusion times of 60 sec. 

Absolute quantitation of protein composition of L929 cells, HL-1 cells and HUVEC was 

performed by data-independent data acquisition. Peptides (200 ng) were separated on an ACQUITY 

UPLC® M-Class HSS T3 column as described in [143], with the following adjustments: A 150 min 

nonlinear gradient of 5% to 85% acetonitrile in 0.1% acetic acid was used at a flow rate of 400 nL/min. 

Detection of the eluting peptides was with an on-line coupled traveling wave ion-mobility-enabled 
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hybrid quadrupole orthogonal acceleration time-of-flight mass spectrometer (SYNAPT G2-Si HDMS, 

Waters Corporation, Milford, MA, USA). Data was acquired by switching between low energy (MS) and 

elevated energy (MSE). Collected data were acquired using the MassLynx™ Software Version 1.53.1398 

(Waters Corporation). Detailed settings can be found in the Supplement (Supplemental Data Synapt 

Method). 

2.7 Data processing and analysis 

Proteins were identified by a database search via a murine Swiss-Prot database (03/2014) using 

the Mascot algorithm implemented in Genedata Refiner v10.0.3 (L929 and HL-1) or a human Swiss-

Prot database (09/2016) using the Andromeda algorithm implemented in MaxQuant v1.5.3.8 

(HUVEC). Trypsin was specified as enzyme with maximum two allowed missed cleavages, and 

carbamidomethylation at cysteine was defined as fixed and oxidation at methionine as well as N-

terminal acetylation as variable modifications. The detailed workflows are described in the 

supplement (Supplemental Data Refiner and MaxQuant). For quantification of proteins identified by 

the Genedata Refiner the Genedata Analyst v10.0.3 (GeneData, Basel, Switzerland) was used. 

Intensities of clusters assigned to a peptide were summed. The intensity of unique peptides was 

summed to protein intensities, which were median normalized to 1 as a fixed target. For protein 

quantification with MaxQuant only razor (Occam’s razor principle) and unique peptides were 

considered, and normalized protein intensities (Label Free Quantification (LFQ) values) were imported 

into the Genedata Analyst.  

Absolute quantification data was obtained using the above databases from algorithms 

implemented in ProteinLynx Global SERVER (Waters Corporation, Milford, MA, USA) with the spike-in 

of 9.5 fmol peptides of ClpB from Escherichia coli. For peptide and protein identifications the following 

settings were used: false discovery rate for protein identification 4%; ion matching requirements of 

fragments/peptide ≥ 2, fragments/protein ≥ 5, and peptides/protein ≥ 1. IsoQuant software [144] was 

used for post-processing with the settings specified in the supplement (Supplemental Data IsoQuant). 

Absolute protein quantities were calculated using the TOP3 peptides identified at highest abundance 

per protein [143]. 

Statistical tests were carried out in Genedata Analyst v10.0.3 with log10 transformed and 

median normalized (1 was set as a fixed target) protein intensities. For HUVEC experiments a paired 

t-test (with both values in at least four pairs) for the determination of alterations in protein levels due 
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to different treatments (pairing by individual) and sex-specific differences (pairing by twin pair, for 

basal samples the triplet was handled as two twin pairs) was conducted.  

Treatment experiments with L929 fibroblasts carried out in two separate experiments (TNFα, 

IL-6 and BDNF) were analyzed per experiment by conducting Student’s test comparing the mean value 

of the five technical replicates of untreated cells with those of treated cells of the same experiment. 

Proteins with significant fold changes in the same direction in both experiments were considered for 

analysis (fold changes of concerned proteins were averaged). For the analysis of experiments carried 

out in three biological replicates (CXCL11) the mean values of the five technical replicates of each 

experiment and condition were used in a paired t-test (pairing by experiment). The p-value, q-value 

(by Benjamini-Hochberg multiple test correction), and fold change were calculated. A p-value of 0.05 

was set as significance threshold and a q-value of 0.05 was taken into account for particular 

comparisons.  

For functional analysis of absolute quantified data, proteins detected in at least two of the three 

replicates per cell type were used. Functional categorization was carried out using Ingenuity Pathway 

Analysis (IPA) and Gene Ontology (GO). IPA uses a right-tailed Fisher’s exact test for significance 

calculation and activation/inhibition z-scores are “calculated taking into account the activation state 

of one of more key molecules when the Pathway is activated and also the molecules’ causal 

relationships with each other (i.e., activation edge and the inhibition edge between the molecules 

based on literature findings) to generate an activity pattern for the molecules and also the end-point 

functions in the pathway” (from the QIAGEN knowledge base webpage: 

http://qiagen.force.com/KnowledgeBase/KnowledgeIPAPage?id=kA1D0000000PIo9KAG). Gene 

ontology enrichment analysis is based on comparison of GO terms found for the proteins of the 

uploaded list to those in the whole proteome [145]. Venn diagrams were created using Venny [146]. 
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3 Results 

3.1 Protein composition of cardiac and vascular cell models 

Absolute quantification offers the ability to compare protein amounts between cell types. About 

80% of murine genes are orthologous to human ones and almost 40% of the nucleotide sequences 

can be aligned [147]. This is why the Uniprot Entry of proteins encoded by orthologous genes was used 

to compare the human (HUVEC) and murine cell types (L929, HL-1). In total, 3195 proteins were 

quantified via the TOP3 method with the internal spike-in of an absolute amount of Escherichia coli 

ClpB peptides [148]. Proteins that were identified in all three cell types made up 38.9% (Figure 3.1). 

Gene Ontology analysis of these 1242 proteins yielded enrichment in various biological processes 

(Supplemental Figure S1). Seven proteins were among the 20 proteins with the highest abundance in 

each cell type: the cytoskeletal proteins actin, cytoplasmic 1 (ACTB) and vimentin (VIM), the glycolytic 

proteins glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and alpha-enolase (ENO1), the heat 

shock proteins HSPA8 and HSP90AB1, and the protein folding enzyme peptidyl-prolyl cis-trans 

isomerase A (PPIA) (Supplemental Table S1). Interestingly, aortic smooth muscle actin (ACTA2) had 

the highest rank within cardiomyocytes, but was not identified in fibroblasts or endothelial cells. 
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Figure 3.1 Cell type specific enrichment of identified proteins in biological processes 

Overlap of proteins identified in the cell types and corresponding enrichment in Gene Ontology “slim biological 

processes” are shown. Bold: processes with a significant enrichment of proteins identified in only one or two 

cell types. 
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Between the two mouse cell types an additional overlap of 9.4% was found, additional 7.2% or 

5.5% of the identified proteins overlapped between the human cell type and murine cardiomyocytes 

or fibroblasts, respectively. Fibroblasts showed the smallest portion of cell type exclusive proteins 

(8.4%); 14.6% proteins were only identified in cardiomyocytes and 16% only in endothelial cells (Figure 

3.1, Supplemental Table S1). More diverse biological processes were represented by the proteins 

identified in the murine cell lines in comparison to the primary endothelial cells. Strikingly, proteins 

enriched in heart development and muscle contraction were identified specifically in cardiomyocytes 

or endothelial cells, or both cell types (Figure 3.1). 

The intensities of the 100 highest abundant proteins accounted for 71% of the intensity in 

fibroblasts and for 66% in cardiomyocytes and 65% in endothelial cells. 50% of the total intensity are 

made up by 42 proteins (2.1% of total proteins identified) in fibroblasts, 50 (2.2%) in cardiomyocytes, 

and 53 (.5%) in endothelial cells (Figure 3.2). 

 

Figure 3.2 Protein abundance in the three cell types 

Accumulated relative abundance of all (upper panel) and the 100 proteins with the highest abundance (lower 

panel) in each cell type. Abundance calculation was based on protein intensity relative to the overall intensity. 
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According to the different functions of the three cell types (see Introduction), one would expect 

differences in the amounts of proteins in different subcellular locations. Cardiomyocytes could be 

expected to contain higher amounts of mitochondrial proteins as these provide the high energy 

demand needed for contraction, which, in fact, could be observed (Figure 3.3). In general, only small 

differences were observed. A reason for this finding might be the analysis of cells separated from their 

native environment and released from the tissue, thereby independent from interaction with other 

cell types.  

 

Figure 3.3 Proportions of absolute quantities of proteins per subcellular location and cell type. 

In each cell type absolute quantification values of all proteins per subcellular location were summed. Proportions 

compared to whole cell quantity are shown. 

3.2 Effect of cytokines on fibroblasts and cardiomyocytes 

Cytokines affect cells in an autocrine, paracrine or endocrine manner and can influence growth 

and proliferation of the cells. The effects of TNFα and TGFß on growth have been investigated by many 

groups (see Introduction), which is why these cytokines were used as controls. However, the 

macroscopic and proteomic changes induced by CXCL11, IL-6, or BDNF, and TNFα in fibroblast and 

cardiomyocyte cell lines have not yet been reported and were therefore part of this work. The 

receptors needed by these cytokines to exert their specific function were found in HL-1 and L929 cells 

on transcript level [149]. The influence of TGFß on the proteome of the fibroblast cell line L929 was 

the subject of a master’s thesis prepared by Daniela Suhr [90]. 
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3.2.1 Selection of experimental conditions for proliferation assays 

Normal growth of adhesive cells eventually leads to 100% coverage of the area they adhere to 

(confluence) and subsequently to contact inhibition of growth. In this case, growth factors are unable 

to affect proliferation. This is why cell numbers to be seeded have to be optimized, so that treatment 

with potential proliferation-promoting cytokines can induce proliferation compared to the untreated 

control. In order to analyze secreted proteins from the supernatant, cells needed to be grown without 

FCS. Hence, cell numbers were titrated with and without FCS. L929 fibroblasts grew faster with FCS 

than without (Figure 3.4 A). Interestingly, cardiomyocytes grew faster without FCS than with FCS 

(Figure 3.4 B). For matters of simplification of operational procedures due to simultaneous cultivation 

of L929 and HL-1 cell types, 10.000 cells were seeded per well (Figure 3.4). For the fibroblasts, 

however, a second test was conducted to check if 10.000 cells/well were already close to the upper 

limit, but this was not the case (Figure 3.4 A, right panel). 

 

Figure 3.4 Cell number titration for proliferation assays with murine cell lines. 

Averaged intensities of four (L929) or three (HL-1) technical replicates at different cell numbers seeded with and 

without FCS measured 180 min after resazurin application are shown. Framed bars indicate the cell number 

seeded in subsequent experiments. 
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The cytokines TGFß and TNFα are well known effectors of cell growth (see Introduction) and 

were tested for their optimal concentration to be used as indicators for growth inhibition (TNFα) or 

stimulation of proliferation (TGFß) (Figure 3.5 A). When cultivated with FCS, L929 fibroblast growth 

was inhibited dose-dependently by TNFα but also slightly by TGFß. Under serum-free conditions only 

TNFα showed growth inhibitory effects, whereas TGFß induced proliferation (Figure 3.5 B). The results 

were similar regardless of the method used (resazurin or crystal violet, see 2.2.3). For further 

proliferation assays with cytokines of unknown effect on fibroblasts TGFß and TNFα were used in a 

concentration of 10 ng/ml and 1 ng/ml, respectively. These cytokines did not affect growth of HL-1 

cells, but were tested for molecular effects in subsequent experiments. 

 

Figure 3.5 Titration of TGFß and TNFα concentration with L929 fibroblasts. 

Cells were incubated for 24h in medium supplemented with (A, left) or without FCS (A, right; B). Percentages of 

growth compared to untreated control are depicted. P-values of Student’s t-tests conducted with averaged 

fluorescence intensities of five (A) or six (B) technical replicates compared to respective controls smaller than 

0.05 (*), 0.005 (**) or 0.0005 (***) are indicated. 
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3.2.2 Cytokine treatment of L929 fibroblasts 

3.2.2.1 C-X-C motif cytokine 11 (CXCL11) 

The cytokine CXCL11 promotes proliferative or growth inhibitory capabilities depending on the 

receptors it binds to [150]. Different CXCL11 concentrations were tested in two experiments and at a 

concentration of 0.1 ng/ml CXCL11 inhibited growth by about 60%, which could not be observed using 

resazurin, but only crystal violet (Figure 3.6). Out of the control molecules/cytokines only TGFß 

exhibited its proliferative properties. Although the observed inhibitory effect of 0.1 ng/ml CXCL11 

could not be replicated in 6-well plates, supernatants and cells were harvested. Protein extraction 

yielded high enough protein amounts for mass spectrometric sample analysis. 

 

Figure 3.6 Titration of CXCL11 effect on L929 fibroblasts. 

Cells were incubated for 24h in medium without FCS. Percentages of growth compared to untreated controls 

from two independent experiments with five technical replicates each are depicted. P-values of Student’s t-tests 

conducted with averaged crystal violet absorptions compared to respective controls smaller than 0.05 (*) are 

indicated. 

Intracellular proteome analysis revealed 71 of 1943 identified proteins with significant 

regulation (42 up, 29 down, p < 0.05) after CXCL11 treatment (Supplemental Table S2). The magnitude 

of regulation was rather low. Thus, more than 1.5-fold upregulation was only observed for 

serine/arginine-rich splicing factor 9 (SRSF9, FC=7.61) and polypyrimidine tract-binding protein 3 

(PTBP3, FC=10.19), and downregulation for succinate dehydrogenase cytochrome b560 subunit, 
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resistance protein 1 (OXR1, FC=-1.63) (Supplemental Table S2). IPA analysis of significantly regulated 

proteins revealed that the canonical pathway Rac Signaling was down- and EIF2 Signaling was 

upregulated. Data set proteins involved in these pathways are shown in Table 3.1. Because of the 

small differences, supernatants were not analyzed. 

Table 3.1 Canonical pathways regulated by CXCL11 treatment. 

Proteins involved in canonical pathways regulated after CXCL11 treatment compared to untreated controls are 

shown with p-value and fold change. 

Description Gene 

p- 

value 

Fold 

Change 

    

EIF signaling (upregulated)    

40S ribosomal protein S3 Rps3 0.041 1.03 

40S ribosomal protein S15a Rps15a 0.013 1.14 

40S ribosomal protein S17 Rps17 0.046 1.17 

40S ribosomal protein S19 Rps19 0.049 1.20 

40S ribosomal protein S20 Rps20 0.033 1.15 

40S ribosomal protein S23 Rps23 0.014 -1.12 

60S ribosomal protein L10a Rpl10a 0.033 1.17 

60S ribosomal protein L22-like 1 Rpl22l1 0.034 1.10 

60S ribosomal protein L26 Rpl26 0.007 1.10 

60S ribosomal protein L27 Rpl27 0.013 1.10 

60S ribosomal protein L32 Rpl32 0.029 -1.16 

Eukaryotic translation initiation factor 2A Eif2a 0.020 1.06 

    

Rac signaling (downregulated)    

Actin-related protein 2/3 complex subunit 1B Arpc1b 0.040 1.09 

Actin-related protein 2/3 complex subunit 4 Arpc4 0.031 -1.07 

Ras GTPase-activating-like protein IQGAP1 Iqgap1 0.003 -1.05 

Ras-related C3 botulinum toxin substrate 1 Rac1 0.031 -1.16 

Transforming protein RhoA Rhoa 0.042 -1.30 

 

3.2.2.2 Western blot detection of CXCL11 and its receptor CXCR3 

The only small changes in cell growth and proteomic alterations upon CXCL11 treatment led to 

the examination of the presence of the CXCL11 receptor CXCR3 and intracellular CXCL11, which were 

not identified by the proteomic approach. Signals for CXCL11 have not been detected at all, but several 

bands showed up for CXCR3 (Figure 3.7). In the human cell samples PC3, S9, and Jurkat, which were 

used as positive controls for CXCR3, the murine antibody showed more signals than in the murine cell 

types. Signals at the molecular weight of two (CXCR-B at 45,5 kDa, CXCR-alt at 28.7 kDa) of the three 

known human CXCR3 isoforms were detected (Figure 3.7, [150, 151]). However, at the molecular 
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weight of murine CXCR3 (41 kDa), the amino acid sequence shows the highest similarity to human 

CXCR3-A (Uniprot), only very weak signals or none at all were detected.  

 

Figure 3.7 Western Blot detection of Cxcr3. 

Protein extracts from different cell lines were used. L929: murine fibroblast; PC3: human prostate cancer; M: 

marker; HL-1 murine cardiomyocyte; S9: human epithelial cell line; Jurkat: human T lymphocyte cells. Molecular 

weights of human CXCR3-B (upper red square) and CXCR3-alt (lower red square) are indicated. 

3.2.2.3 Interleukin-6 

Titration of different IL-6 concentrations revealed that a variety of concentrations showed an 

effect on fibroblasts. As 0.01 and 0.05 ng/ml worked well during the experiments (Figure 3.8), 0.05 

ng/ml was used in subsequent experiments. The effect observed in 96-well plates could not be 

replicated in 6-well plates, but supernatants and cells were harvested for proteomic analyses.  
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Figure 3.8 Titration of the effect of IL-6 on L929 fibroblasts. 

Cells were incubated for 24h in medium without FCS. Percentages of growth compared to untreated controls 

(Co) from two independent experiments with five technical replicates each are depicted. P-values of Student’s 

t-tests conducted with resofurin fluorescence intensities compared to respective controls smaller than 0.05 (*) 

or 0.005 (**) are indicated. 

Of the 2241 proteins identified in the samples of two 6-well experiments (see 2.7) only five 

showed significant differences (p < 0.05) in the same direction in both IL-6 treatment experiments 

compared to the corresponding untreated control (Table 3.2). The protein with the highest 

upregulation was protein BUD31 homolog (BUD31, FC = 1.29), downregulation was observed only for 

serine/threonine-protein kinase PAK 1 (PAK1, FC = -1.16). Neither IL-6 nor the subunits of its receptor, 

IL-6ra and IL-6st, were identified. Due to the low number of changed proteins, IL-6 appears to have no 

effect on the protein composition of L929 cells and the analysis of supernatants was refrained from. 

The observed proliferative effect of TNFα could indicate that the proteomic changes might not reflect 

the actual phenotype after IL-6 treatment. 

Table 3.2 Significantly different proteins after IL-6 treatment of L929 cells. 

Proteins with significantly (p < 0.05) different levels in three technical replicates of two independent experiments 

after IL-6 treatment compared to untreated controls. FC = Fold change (average of two experiments). 

Accession Description Gene FC 

    

Q6PGH1 Protein BUD31 homolog Bud31 1.29 

P06151 L-lactate dehydrogenase A chain Ldha 1.11 

P16045 Galectin-1 Lgals1 1.09 

P21107 Tropomyosin alpha-3 chain Tpm3 1.08 

O88643 Serine/threonine-protein kinase PAK 1 Pak1 -1.16 
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3.2.2.4 Brain-derived neurotrophic factor 

BDNF treatment caused a generally proliferative effect already at low concentrations, which 

slightly increased up to 10 ng/ml (Figure 3.9). The proliferative effect was significant for almost all 

concentrations (data not shown), but only at 10 ng/ml the effect could be observed in at least four of 

six experiments with both resazurin and crystal violet. The observed effect could not be replicated in 

6-well plates, but supernatants and cells were harvested. 

 

Figure 3.9 Titration of BDNF effect on L929 fibroblasts. 

Cells were incubated for 24h in medium without FCS. Averaged percentages of growth compared to controls 

from six independent experiments with five technical replicates each are depicted. Student’s t-tests were 

conducted for each experiment with intensities compared to respective controls. Cytokine treatment effect with 

a p-value smaller than 0.05 in four (*), five (**), or six (***) experiments are indicated. 

Proteomic analysis revealed 12 of 2170 proteins with significant differences (p < 0.05) after 

BDNF treatment compared to untreated controls (Table 3.3). In general, the serine/threonine-protein 

kinase DCLK1 showed the highest upregulation with a fold change of 1.29, collagen alpha-2(VI) chain 

the strongest downregulation with -1.27. WD repeat-containing protein 73 (WDR73) was the only 

protein present in all untreated, but not BDNF treated cells (data not shown). Interestingly, among 

the regulated proteins four collagens were found to be downregulated. Neither BDNF nor its receptor, 

NTRK2, was identified. Due to the low number of changed proteins, analysis of supernatants was 

refrained from. 

0%

20%

40%

60%

80%

100%

120%

140%

160%

180%

10 1 0.01 0.05 0.1 0.5 1 5 10 50 100

control TGFß TNFα BDNF

G
ro

w
th

 c
o

m
p

ar
e

d
 t

o
 c

o
n

tr
o

l

Concentration [ng/ml]

Brain-derived neurotrophic factor

resazurin

crystal violet

*

*

*
**

***

**



Results 

 

 

44 

Table 3.3 Significantly different proteins after BDNF treatment of L929 cells. 

Proteins with significantly (p < 0.05) different levels in 3 technical replicates each of two biological replicates 

after BDNF treatment compared to untreated controls. FC = Fold change (average of two experiments) 

Accession Description Gene FC 

    

Q9JLM8 Serine/threonine-protein kinase DCLK1 Dclk1 1.29 

P11157 Ribonucleoside-diphosphate reductase subunit M2 Rrm2 1.23 

Q9EQK5 Major vault protein Mvp 1.10 

P30416 Peptidyl-prolyl cis-trans isomerase FKBP4 Fkbp4 1.08 

Q8VHY0 Chondroitin sulfate proteoglycan 4 Cspg4 -1.08 

P13020 Gelsolin Gsn -1.11 

Q8C0E3 Tripartite motif-containing protein 47 Trim47 -1.18 

Q04857 Collagen alpha-1(VI) chain Col6a1 -1.19 

P11087 Collagen alpha-1(I) chain Col1a1 -1.22 

Q01149 Collagen alpha-2(I) chain Col1a2 -1.23 

Q9JJU8 SH3 domain-binding glutamic acid-rich-like protein Sh3bgrl -1.24 

Q02788 Collagen alpha-2(VI) chain Col6a2 -1.27 

 

3.2.2.5 Tumor necrosis factor α 

For use of TNFα as a control reflecting cytotoxic effects, different TNFα concentrations were 

tested. The concentration of 1 ng/ml showed the expected effect without killing too many cells, which 

would lead to insufficient protein amounts for proteomic analysis (see Figure 3.5). Microscopic 

examination of L929 cells treated with TNFα in 6-well plates showed similar effects to those observed 

in 96-well plates. Supernatants and cells were harvested, but intracellular protein amount of one of 

the three experiments was too small for a proteomic analysis. This is why data analysis was performed 

as described for IL-6 and BDNF in the “data processing and analysis” part of the methods (see 2.7). 

Of the 2284 quantified proteins 103 proteins were significantly altered (p < 0.05, 40 up, 63 

down) after TNFα treatment in both experiments (Supplemental Table S3). Of the altered proteins, 

three also passed multiple test correction, namely acyl-CoA-binding protein (DBI, FC=-1.15), laminin 

subunit beta-1 (LAMB1, FC=1.42), and superoxide dismutase [Mn], mitochondrial (SOD2, FC=2.02) 

(Supplemental Table S3). A higher fold change than 1.5 was observed for twelve up- and ten 

downregulated proteins, two of which were more than two-fold regulated: SOD2 and lipoprotein 

lipase (LPL, FC=-2.5) (Supplemental Table S3). IPA analysis of the 103 proteins revealed that TNFα 

upregulated the sirtuin pathway, and activated three and inhibited twelve upstream regulators at a z-

score of at least 2 (those with the highest absolute z-scores are shown in Table 3.4). Furthermore, 

apoptosis was activated, and protein metabolism inhibited (Table 3.4).  
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Table 3.4 Results of IPA analysis of proteins affected by TNFα treatment of L929 cells. 

Calculated activation z-scores of significantly (p < 0.05) affected canonical pathways, upstream regulators 

(highest three absolute z-scores), and molecular functions are shown. 

Analyses and annotations z-score Target/Involved molecules in dataset 

   

Canonical pathway   

Sirtuin Signaling Pathway 2.00 SOD2, ATP5F1B, TOMM34, SF3A1, ACLY 

   

Upstream regulator   

Insulin-induced gene 1 
protein 

2.38 AACS, ACLY, FASN, FDPS, LPL, LSS 

Rapamycin-insensitive 
companion of mTOR 

-2.31 
ATP5F1B, ATP6V1A, COX5A, RPL4, RPL7, RPL7A, RPLP1 
(includes others), RPS10, RPS19, RPS24, RPS9, UQCRC1 

Sterol regulatory element-
binding protein 1 

-2.91 
AACS, AARS, ACLY, COL6A1, DBI, FASN, FDPS, HSPA5, IDH1, 
LPL, LSS, OAT, RPS24, S100A13 

   

Molecular function   

Apoptosis 2.47 

AARS, ACLY, ANXA6, ASS1, BAG3, COL1A1, COX5A, CSF1, 
CSPG4, DCPS, DYNC1H1, FASN, GSTM5, HBA1/HBA2, HSPA5, 
HSPD1, IGF2BP1, KPNA2, LRP1, MDH1, MSN, MVP, PA2G4, 
PDIA3, PRDX2, RPS19, RPS24, S100A1, SDF2L1, SNCG, SOD2, 
SQSTM1, STMN1, STOML2, UPF1, VCL, YWHAE, YWHAZ 

Metabolism of protein -2.08 
BAG3, CD81, CSF1, CSPG4, HSPA5, HSPD1, IGF2BP1, LPL, LRP1, 
LSS, NEDD4, RPLP1 (includes others), RPS10, RPS20, RPS24, 
RPS9, SARS, SNRNP70, SOD2, SQSTM1, SUGT1, UPF1 

Catabolism of protein -2.79 
BAG3, CD81, CSF1, CSPG4, HSPA5, HSPD1, LPL, LRP1, LSS, 
NEDD4, SOD2, SQSTM1, SUGT1 

 

After quality control of the MS/MS data of the extracellular protein samples data were analyzed 

using MaxQuant according to 2.7. Overall 1535 proteins were quantified, but none were significantly 

changed by TNFα treatment. 

In summary, the effects of the used cytokines were very small in number, but different in the 

affected functions, which might rule out a general effect due to serum starvation. Still, parallel 

experiments with FCS containing medium might be useful to exclude a starvation bias or assess the 

starvation effect in general. 

3.2.3 Cytokine treatment of HL-1 cardiac myocytes 

When the same conditions used for L929 treatment were applied to HL-1 cells no effect of 

CXCL11 and IL-6 on the viability or the proliferation of the cells could be observed (Figure 3.10). The 
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figure below shows examples of tested molecules and concentrations, because different experiments 

with the same setup yielded different results, which could not be replicated (data not shown).  

 

Figure 3.10 Cytokine treatment of HL-1 cardiomyocytes. 

Cells were incubated for 24h in medium without FCS. Averaged intensities of four technical replicates per 

condition are depicted as percentages compared to controls. 

3.3 Influence of wounding, serum starvation, and growth factors on the proteome 

of HUVECs from twins of opposite sex 

Beside cardiomyocytes and fibroblasts, endothelial cells are of great importance for heart 

function and play an important role in vasoregulation, platelet and monocyte adhesion, vascular 

smooth muscle cell growth, and coagulation [152]. Endothelial cells endure mechanical and 

biochemical stress dependent on environmental factors like blood pressure, wounding, or the 

nutritional composition of the blood. The response to such challenges can be observed in experiments 

where the cells are exposed to stress and the changes of the intra- and extracellular proteome are 

examined. These changes, however, can be affected by the cellular sex, which, if not addressed, can 

result in erroneous assumptions and conclusions. The aim of this part of the work was the assessment 

of (i) this sex-specific impact on the results of experiments with HUVECs, (ii) sex-specific differences in 

the protein abundance in HUVECs which might contribute to the differential risk of men and women 

towards CVDs and the role of X-chromosomally encoded proteins, as well as (iii) the differential 

response of male and female cells upon wounding and starvation (Introduction). Parts of this study 

were published by Lorenz et al. and Witt et al. [115, 116].  
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3.3.1 Study design and general protein identifications 

HUVECs from dizygotic twins and a triplet were examined in two different experiments. In the 

first one the cells were cultivated at standard conditions to assess differences already present in a 

stress-free environment (Figure 3.11). In the second experiment HUVECs were exposed to wounding 

by “scratch” and cellular stress by serum starvation and treatment with VEGF and bFGF (Figure 3.11).  

 

 

Figure 3.11 “HUVEC twin” study design. 

For more detailed information see 2.2.4 or Figure 2.2.  

In the basal samples 2787 proteins and in the scratch samples 3097 proteins were quantified in 

the intracellular protein extracts. In the supernatants of the scratch samples 1276 proteins were 

detected with 1006 proteins overlapping with those in the intracellular protein extracts (Figure 3.12).  

 

Figure 3.12 Identified proteins in samples from HUVECs. 

Comparison of identified proteins between the basal and scratch samples (left diagram), and between pellets 

and supernatants of the scratched samples (right diagram). 
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A principal component analysis of the intracellular samples showed that the differences in the 

protein pattern are stronger between twin pairs than between male and female partners of one twin 

pair (Figure 3.13). 

           

Figure 3.13 Principal components analysis of intra-

cellular protein samples. 

PCA plot was carried out using an in-house shiny app. 

Coloring categories were chosen per sex (upper 

panels, blue = male, red = female) or per twin pair 

(lower panel, triplet samples are in light blue). 

 

 

 

All identified proteins were assigned to functional categories and locations and either their 

number or summed intensities were used to calculate percentages (Figure 3.14). The proportions of 

numbers did not show great differences. As expected one can observe a slightly higher proportion of 

extracellular proteins (cell-cell-junctions, extracellular matrix, focal adhesions, and secreted) in the 

extracellular samples, but the difference compared to the intracellular samples was unexpectedly low 

(Figure 3.14 A). In contrast, the proportions of intensities show more than 50% extracellular proteins 

in the supernatants compared to intracellular samples with about 22% in basal and 31% in scratch 

samples (shown by categories cell-cell-junction, extracellular matrix, focal adhesion, and secreted 

Figure 3.14 B). Hence, cell lysis due to scratch was assessed to be low. 

Basal (sex) Scratch (sex)
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Figure 3.14 General functional category proportions. 

Functions were assigned using IPA and Gene Ontology. Percentages were calculated according to (A) numbers 

or (B) intensities (averaged per protein over all samples of a data set) of proteins per category. 

3.3.2 Sex-specific differences at basal conditions 

Before stress induced sex-specific differences were analyzed differences in protein levels 

between male and female cells in a normal environment were examined. In this “basal” approach 

2787 proteins were identified and quantified, of which 108 showed significantly (p < 0.05) different 

levels. 47 proteins were higher in male, 61 higher in female cells (Figure 3.15). Among these, ten 

proteins were X-chromosomally encoded (Table 3.5). For example pseudouridine-5-phosphatase 

(HDHD1, FD = 1.92), ubiquitin-like modifier-activating enzyme 1 (UBA1, FD = 1.26), 40S ribosomal 

protein S4, X isoform (RPS4X, FD = 1.19), and ATP-dependent RNA helicase DDX3X (FD = 1.12) had 

higher levels in female cells (Table 3.5, Supplemental Table S4). The Y-chromosomal homologues of 

the latter two, RPS4Y1 and DDX3Y, were the only proteins identified in male, but not female cells 

(Figure 3.15, Supplemental Table S4). Glucose-6-phosphate 1-dehydrogenase (G6PD, FD = 1.12) was 

one of three X-chromosomally encoded proteins with unexpectedly higher levels in male cells. UBA1 

was the only protein with a sex-specific difference that was still significant after multiple test 

correction. 
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Figure 3.15 Identified proteins and sexual dimorphisms. 

Number of all proteins identified and those with significantly (p < 0.05) higher protein levels in male (small left 

circle) or female (small right circle) cells are shown. 

Table 3.5 X-chromosomally encoded proteins with basal sex-specific differences. 

Fold differences of proteins encoded on the X-chromosome with a significant sex-specific difference (p < 0.05, 

t-test paired by twin pair) at basal conditions.  

Accession Description Gene 
p-

value 
Fold 

Difference 

     

higher in female cells    

Q08623 Pseudouridine-5-phosphatase HDHD1 0.001 1.92 

Q9NX14 
NADH dehydrogenase [ubiquinone] 1 beta 
subcomplex subunit 11, mitochondrial 

NDUFB11 0.012 1.29 

P22314 Ubiquitin-like modifier-activating enzyme 1 UBA1 <0.001 1.26 

P51813 Cytoplasmic tyrosine-protein kinase BMX BMX 0.007 1.23 

Q93008 
Probable ubiquitin carboxyl-terminal hydrolase 
FAF-X 

USP9X 0.034 1.21 

P62701 40S ribosomal protein S4, X isoform RPS4X 0.001 1.19 

O00571 ATP-dependent RNA helicase DDX3X DDX3X 0.001 1.17 

     

higher in male cells    

Q9H0U3 Magnesium transporter protein 1 MAGT1 0.007 1.15 

P11413 Glucose-6-phosphate 1-dehydrogenase G6PD 0.003 1.12 

O60220 
Mitochondrial import inner membrane 
translocase subunit Tim8 A 

TIMM8A 0.006 1.11 

 

Significantly different proteins and their cellular functions are listed in Supplemental Table S4. 

The proportions of these functions in all identified proteins and those with higher levels in males or 

females are depicted in Figure 3.16. Here one can observe increased proportions in the categories cell-

cell-junction, cytoplasmic membrane system, and cytoskeleton in proteins with higher levels in male 
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cells compared to females. Proteins with higher levels in female cells had higher proportions in the 

categories cell cycle, gene expression, and oxidative phosphorylation compared to male cells (Figure 

3.16). 

 

Figure 3.16 Basal distribution of cellular functions. 

Proteins with significantly (p < 0.05) higher levels in male or female cells compared to all identified proteins. 

Percentages were calculated according to numbers of proteins per category.  

Functional analysis yielded three affected upstream and eight master regulators, and seven 

molecular functions (Table 3.6). None of the regulators was identified in the dataset. X-chromosomally 

encoded proteins were targeted by almost all affected regulators and are involved in almost all 

affected molecular functions (Table 3.6). 

Table 3.6 Results of the IPA analyses of proteins from basal cells with sex-specific different levels. 

Analyses of proteins with significantly different levels between basal male and female cells (p < 0.05, t-test paired 

by twin pair). Positive (activated in males) and negative (activated in females) z-scores, and regulator targeted 

or function involved proteins of the dataset are shown. Proteins encoded on the X-chromosome are indicated 

by bold letters. 

Analyses and annotations z-score Target/Involved molecules in dataset 

   

Upstream regulator   

NF-kappa-B inhibitor alpha 2.22 DDX3X, FN1, IPO9, UBA1, USP9X, YWHAZ 

Myc proto-oncogene protein -2.19 
AHCY, CHP1, DDX3X, FBL, FN1, G6PD, SPARC, 
THBS1 

N-myc proto-oncogene protein -2.21 FN1, MAGT1, RPS15, RPS4X, SPARC 

   

Master regulator   

OX-2 membrane glycoprotein 2.65 DDX3X, FN1, IPO9, MAPK1, RHOC, UBA1, USP9X 
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Analyses and annotations z-score Target/Involved molecules in dataset 

   

Phosphatidylinositol 3-kinase regulatory 
subunit beta 

2.33 
DDX3X, FN1, IPO9, MAPK1, NOP10, SPARC, THBS1, 
UBA1, USP9X 

NF-kappa-B inhibitor alpha 2.24 DDX3X, FN1, IPO9, UBA1, USP9X 

let-7a-5p (and other miRNAs w/seed 
GAGGUAG) 

-2.00 BSG, FN1, GAK, THBS1 

Integrin alpha-E -2.00 FN1, MAPK1, RHOC, THBS1 

Rap guanine nucleotide exchange factor 4 2.00 CAPZA1, FN1, RHOC, THBS1 

N-myc proto-oncogene protein -2.24 FN1, MAGT1, RPS15, RPS4X, SPARC 

F-box/WD repeat-containing protein 5 -2.83 
DDX3X, FN1, IPO9, LMNA, MVP, THBS1, UBA1, 
USP9X 

   

Molecular function   

Cell spreading 2.40 
ARPC3, CNN2, FN1, IPO9, MAPK1, MYO9B, SPARC, 
THBS1, YWHAZ 

Cell movement 2.39 

AHCY, ARF4, ARHGAP1, ARPC3, BMX, BSG, CBFB, 
CNN2, DDX3X, FKBP4, FN1, G6PD, IPO9, LMNA, 
LMNB1, MAPK1, MYO9B, RDX, RHOC, SPARC, 
THBS1, USP9X, YWHAZ 

Cell viability of leukocytes 2.22 CBFB, FN1, MVP, USP9X, YWHAZ 

Migration of cells 2.16 

AHCY, ARF4, ARHGAP1, BMX, BSG, CBFB, CNN2, 
DDX3X, FKBP4, FN1, G6PD, LMNA, LMNB1, MAPK1, 
MYO9B, RDX, RHOC, SPARC, THBS1, USP9X, 
YWHAZ 

Cell movement of myeloid cells 2.02 
ARHGAP1, BSG, CBFB, CNN2, FN1, LMNB1, MYO9B, 
THBS1 

Proliferation of fibroblast cell lines 2.01 
DDX3X, EIF3H, FN1, G6PD, GAK, GLCE, LMNA, 
LMNB1, MAPK1, PFDN5, RHEB, THBS1 

Tubulation of cells 2.00 BSG, G6PD, RDX, YWHAZ 

 

3.3.3 General sex-specific differences upon wounding 

Sexual dimorphisms were also observed in the scratched samples with a number similar to the 

basal samples. The highest number of differences was observed in cells treated with bFGF, the 

smallest after short time starvation (Figure 3.17). Across all conditions, a larger number of proteins 

showed higher levels in female cells than in male cells, but at all conditions with reduced serum supply 

male cells showed higher magnitudes of difference (Figure 3.17). Only two significantly dimorphic 

intracellular proteins passed multiple test correction: UBA1 in all conditions and DDX3X in 16h starved 

and VEGF treated cells. 
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Figure 3.17 Sex-specific differences across all conditions. 

Numbers (A) and degree (B, displayed as fold differences in box plots) of significant (p < 0.05) sex-specific 

different protein levels in all examined conditions. “x” in the box plots indicates the average fold difference. 

Of 566 intracellular proteins with different levels between the sexes in any condition, 80 

proteins were different in at least two (data not shown) and 14 in at least three conditions (Table 3.7). 

These 14 proteins always showed higher levels in the same sex in each of the conditions, except for 

calcitonin gene-related peptide type 1 receptor (CALCRL) and density-regulated protein (DENR). 

Interestingly, half of the 14 proteins are X-chromosomally encoded. Proteins encoded on the X-

chromosome were, additionally, the only proteins with sex-specific different levels in five or all six 

conditions (Table 3.7). G6PD was the only X-chromosomally encoded protein with higher levels in male 

cells in at least two conditions (Table 3.7). DDX3Y was identified only in males across all conditions. 

A lower number of extracellular proteins was observed with sex-specific differences, but these 

90 proteins showed higher fold differences than the sex-specific different proteins from intracellular 

samples. Nine sex-specific differences were found in at least two conditions (data not shown). UBA1 
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was the only sex-specific dimorphic protein at three conditions, tissue factor pathway inhibitor 2 

(TFPI2) at all four conditions analyzed (Table 3.7).  

Table 3.7 General sex-specific dimorphisms in protein levels. 

Intra- and extracellular proteins with significantly higher levels in male (♂) or female (♀) cells (p < 0.05, t-test 

paired by twin pair) in at least three conditions are shown. “+”: X-chromosomal encoding; “-“: autosomal 

encoding; grey squares: no samples collected. 

Accession Description Gene X basal 
non- 

starved 
5h  

starved 
16h  

starved VEGF bFGF 

          

Intracellular        

O00571 
ATP-dependent RNA 
helicase DDX3X 

DDX3X + ♀ ♀ ♀ ♀ ♀ ♀ 

P22314 
Ubiquitin-like 
modifier-activating 
enzyme 1 

UBA1 + ♀ ♀ ♀ ♀ ♀ ♀ 

Q08623 
Pseudouridine-5-
phosphatase 

HDHD1 + ♀ ♀ ♀ ♀ ♀ ♀ 

P11413 
Glucose-6-
phosphate 1-
dehydrogenase 

G6PD + ♂ ♂ ♂ ♂ ♂   

P62701 
40S ribosomal 
protein S4, X 
isoform 

RPS4X + ♀ ♀ ♀   ♀ ♀ 

P47813 

Eukaryotic 
translation initiation 
factor 1A, X-
chromosomal 

EIF1AX +   ♀ ♀ ♀ ♀ ♀ 

O43583 
Density-regulated 
protein 

DENR - ♂     ♀ ♀ ♀ 

P48681 Nestin NES -     ♀ ♀ ♀ ♀ 

P35613 Basigin BSG - ♂ ♂   ♂     

P28482 
Mitogen-activated 
protein kinase 1 

MAPK1 - ♀   ♀   ♀   

Q16602 
Calcitonin gene-
related peptide type 
1 receptor 

CALCRL -   ♀ ♂   ♂   

Q96T37 
Putative RNA-
binding protein 15 

RBM15 -   ♂     ♂ ♂ 

P41091 
Eukaryotic 
translation initiation 
factor 2 subunit 3 

EIF2S3 +     ♀   ♀ ♀ 

P23246 
Splicing factor, 
proline- and 
glutamine-rich 

SFPQ -       ♀ ♀ ♀ 
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Accession Description Gene X basal 
non- 

starved 
5h  

starved 
16h  

starved VEGF bFGF 

          

Extracellular         

P22314 
Ubiquitin-like 
modifier-activating 
enzyme 1 

UBA1 +    ♀ ♀ ♀ 

P48307 
Tissue factor 
pathway inhibitor 2 

TFPI2 -   ♀ ♀ ♀ ♀ 

 

3.3.4 Sex specific differences upon wounding and comparison to those at basal condition 

Although the intensity data of experiment 1 (basal) and experiment 2 (after wounding) cannot 

be compared directly, the non-starved wounded and basal cells were compared conducting a t-test 

between the male/female ratios of the two conditions paired by twin pair. But first, the sex-specific 

differences occurring in the non-starved cells shall be elucidated.  

After wounding by scratch in non-starved cells 119 proteins had sex-specific different levels. 

The magnitude of differences reached from apolipoprotein A-I (APOA1) with 2.04-fold higher levels in 

male cells to glycogen phosphorylase, liver form (PYGL) and CALCRL with 1.65-fold higher levels in 

female cells. 110 of these proteins have not been different in a sex-specific way in basal cells, and nine 

were different in both conditions (Supplemental Table S5). Functional categorization showed that the 

proportions of proteins involved in carbohydrate metabolism and translation doubled, whereas 

proteins of the cytoskeleton decreased (Figure 3.18). Interestingly, the vigorous change in the 

proportion of translational proteins based on 21 ribosomal proteins that were not different in a sex-

specific way in basal cells, but showed higher levels in female non-starved cells after scratch 

(Supplemental Table S5). 
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Figure 3.18 Functional proportions of proteins with sex-specific different levels in non-starved and basal cells. 

Proteins with significantly (p < 0.05) different levels between the sexes in non-starved and basal cells were 

assigned to functional categories and proportions were calculated according to protein numbers. 

Functional analysis confirmed this observation. Here, EIF2 signaling was highlighted as activated 

in females, containing the above-mentioned ribosomal subunits, and, additionally, endothelial cell 

development was shown to be activated in male cells (Table 3.8). 

Table 3.8 Important pathways and functions affected in a sex-specific way in non-starved cells. 

Positive (activated in males) and negative (activated in females) z-scores of the canonical pathway EIF2 signaling 

and the biological function endothelial development, and involved proteins of the dataset are shown. 

Analyses and annotations z-score Involved molecules in dataset 

   

Canonical pathway   

EIF2 signaling -3.74 

RPL4, RPL36AL, RPL22L1, RPS23, RPL17, RPS18, RPL30, 
RPL23, HSPA5, RPS4X, RPL7, RPL10A, RPL9, RPL27A, RPL35, 
RPS16, RPL13, RPS26, RPS25, RPS15A, EIF1AX, RPL38, 
RPS24, RPS14 

   

Molecular function   

Endothelial cell development 2.43 
APOA1, G6PD, HSPA5, LOXL2, MYDGF, PKM, PRKDC, 
RASIP1, RBM15 

 

The observations made in basal and non-starved cells demonstrated the indeed existing 

differences in protein levels between male and female cells and that wounding affects them. These 

differences could also have an impact on experiments using starvation and growth factor treatment 

and will be elucidated in the following chapters. 
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3.3.5 Serum starvation effects 

For the assessment of a probable sex-specific impact, at first, common intracellular proteomic 

changes due to the reduction of FCS from 20% to 0.5% were analyzed. Therefore, the data were 

assessed by two approaches: First, cells grown under short- and long-term starvation conditions were 

compared to non-starved cells as well as to each other for further analysis of distinguished common 

intracellular protein regulation patterns. Second, these patterns were compared to regulations in only 

male or female cells and possible emerging differences in protein levels between the sexes were 

examined. 

Finally, the starvation effects on the extracellular proteome were examined and compared with 

the intracellular changes. 

3.3.5.1 Common effects of starvation on intracellular proteins independent of the cellular sex 

Analyses revealed high numbers of significantly (p < 0.05) regulated intracellular proteins in all 

comparisons independent of the sex of the cells also passing multiple test correction (Figure 3.19). To 

narrow the results for the first approach to some extent, proteins significantly altered only after 

multiple test correction were further evaluated. Most proteins were altered in cells starved for 16h 

compared to non-starved cells, which might be due to the combination of both time and starvation as 

factors influencing the abundance of proteins. 

 

Figure 3.19 Numbers of significantly altered intracellular proteins upon serum starvation. 

Numbers of proteins altered within the indicated significance thresholds (t-test paired by individual) and 

comparisons are shown. 

Short-term and long-term serum starvation led to significant changes (q < 0.05) of 264 (171 up, 

93 down) and 475 (311 up, 164 down) proteins, respectively, compared to non-starved cells 

(Supplemental Table S6). After short-term starvation only one up- and five downregulated proteins 
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showed higher fold changes than |1.5| (Table 3.9). Among these were tumor necrosis factor receptor 

superfamily member 10C (TNFRSF10C, FC = 1.55), hemoglobin subunit alpha (HBA1, FC = -4.46) and 

beta (HBB, FC = -2.49), and connective tissue growth factor (CTGF, FC = -1.96). TNFRSF10C, HBA1, and 

CTGF were the only proteins with fold changes higher than |1.5| also after long-term starvation (Table 

3.9). Among the higher than 1.5-fold altered proteins after long-term starvation four were up- and 14 

were downregulated (Table 3.9). TNFRSF10C and lanosterol 14-alpha demethylase (CYP51A1, 

FC = 2.06) showed the strongest upregulation, HBA1 (FC = -4.36) and CTGF (FC = -2.54) the strongest 

downregulation (Table 3.9).  

Table 3.9 Proteins with the strongest regulation upon serum starvation. 

Proteins with a fold change of at least |1.5| after short- or long-term starvation compared to non-starved cells. 

Significant values (q < 0.05, t-test paired by individual) are in bold. 

   

5h 
starved 

16h 
starved 

Accession Description Gene Fold Change 

    

O14798 Tumor necrosis factor receptor superfamily member 10C TNFRSF10C 1.55 2.25 

P48307 Tissue factor pathway inhibitor 2 TFPI2 1.24 1.71 

Q8N556 Actin filament-associated protein 1 AFAP1 -1.26 -1.53 

P27816 Microtubule-associated protein 4 MAP4 -1.32 -1.51 

P52943 Cysteine-rich protein 2 CRIP2 -1.37 -1.50 

Q9UKY7 Protein CDV3 homolog CDV3 -1.40 -1.59 

O15231 Zinc finger protein 185 ZNF185 -1.42 -1.83 

P47914 60S ribosomal protein L29 RPL29 -1.45 -1.73 

P10412 Histone H1.4 HIST1H1E -1.47 -1.58 

Q9Y2D5 A-kinase anchor protein 2 AKAP2 -1.48 -1.94 

P29279 Connective tissue growth factor CTGF -1.96 -2.54 

P69905 Hemoglobin subunit alpha HBA1 -4.46 -4.36 

Q86T13 C-type lectin domain family 14 member A CLEC14A -1.53 -1.56 

P35354 Prostaglandin G/H synthase 2 PTGS2 -1.79 -1.84 

P68871 Hemoglobin subunit beta HBB -2.49 -1.88 

Q16850 Lanosterol 14-alpha demethylase CYP51A1 -1.24 2.06 

Q9UBM7 7-dehydrocholesterol reductase DHCR7 1.07 1.51 

P09601 Heme oxygenase 1 HMOX1 -1.10 -1.59 

Q8IVF2 Protein AHNAK2 AHNAK2 -1.15 -1.67 

Q9BW19 Kinesin-like protein KIFC1 KIFC1 -1.04 -1.70 

Q9UK76 Hematological and neurological expressed 1 protein HN1 -1.43 -2.10 

 

Proportions of functional categories of proteins altered upon serum starvation did not reveal 

any obvious changes compared to all identified proteins (data not shown). Functional analysis of 
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significantly changed proteins revealed an enrichment of altered proteins in a variety of canonical 

pathways, regulators, and molecular functions affected after short- and long-term starvation 

(Supplemental Table S7). Here, oxidative phosphorylation and fatty acid ß-oxidation should be 

highlighted as the pathways as well as insulin receptor and x-box-binding protein 1 as the regulators 

with the strongest activation score in both conditions (Table 3.10, Supplemental Table S7). Although 

some of the regulators were identified in the data set, none of them were significantly changed (data 

not shown).  

Table 3.10 Results of the functional analyses of proteins regulated after short- and long-term starvation. 

Top five pathways, regulators, and functions affected by proteins significantly regulated (q < 0.05, t-test paired 

by individual) after short- or long-term starvation compared to non-starved cells. Positive (activation) and 

negative (inhibition) z-scores are shown. 

  

5h starved vs 
non-starved 

16h starved vs 
non-starved 

Analyses and annotations z-score 

   

Canonical Pathways   

Oxidative Phosphorylation 3.87 4.47 

Fatty Acid β-oxidation I 2.65 2.83 

Actin Nucleation by ARP-WASP Complex 2.65 2.45 

NF-κB Activation by Viruses 2.65 2.24 

Thrombin Signaling 2.45 2.24 

Rac Signaling 2.33 2.65 

14-3-3-mediated Signaling 2.00 2.45 

   

Upstream regulator   

Insulin receptor 3.84 4.89 

X-box-binding protein 1 3.63 4.35 

Vascular endothelial growth factor A 3.14 4.20 

Insulin-like growth factor 1 receptor 3.03 4.10 

Retinoblastoma-associated protein 2.79 4.23 

Rapamycin-insensitive companion of mTOR -4.27 -3.11 

   

Cellular function   

Cell death of fibroblast cell lines 2.37 - 

Hydrolysis of nucleotide 2.34 - 

Development of cytoplasm -2.39 - 

Cellular degradation -2.70 -2.81 

Degeneration of cells -3.33 -2.46 

Proteolysis - 3.10 

Migration of cervical cancer cell lines - 2.77 

Chemotaxis - 2.55 
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5h starved vs 
non-starved 

16h starved vs 
non-starved 

Analyses and annotations z-score 

   

Homing of cells - 2.53 

 

In Table 3.9 proteins significantly regulated after short- and long-term starvation are listed, but 

there is no information about whether apparent stronger or weaker regulation of these proteins after 

16 hours of serum starvation was significant. An inverse regulation to the level of non-starved cells or 

beyond was possible, as well. This is why the direct comparison of long-term to short-term starvation 

was taken into account and four different patterns were stated, which are also depicted in Table 3.11:  

(i) “continuous” regulation: 

proteins were regulated in 5h starved cells and regulated even stronger in the same 

direction in 16h starved cells, 

(ii) “inverse” regulation: 

proteins were regulated after short-term starvation and then regulated inversely after 

long-term starvation, 

(iii) “early” regulation: 

proteins were regulated in 5h starved cells and stayed on the same level in 16h starved 

cells, 

(iv) “late” regulation: 

proteins were not regulated after short-term, but after long-term compared to short-

term starvation.  
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Table 3.11 Protein regulation pattern after serum starvation. 

The theoretically possible common regulation patterns after serum starvation is depicted. Grey lines: changes 

from non-starved to 5h starved cells, orange lines: changes from 5h to 16h starved cells, yellow lines: changes 

from non-starved to 16h starved cells, continuous lines: significant changes (q < 0.05, t-test paired by individual), 

dashed lines: non-significant changes. The missing yellow lines in pattern (iii) and (iv) indicate the irrelevance of 

significance for the pattern. 

(i) 

“continuous” 

(ii) 

“inverse” 
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“early” 
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“late” 
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Pattern (i) was observed for 21 continuously up- and 13 downregulated proteins, among which 

TNFRSF10C, TFPI2, and CTGF showed the strongest regulations (Table 3.12). Eight proteins were 

inversely regulated after long-term starvation (pattern (ii)), six of them to the level of non-starved cells 

(Table 3.12).  

Table 3.12 Proteins with continuous or inverse regulation after serum starvation. 

Significant values (q < 0.05, t-test paired by individual) are written in bold. 

   

5h 
starved/ 

non-
starved 

16h 
starved/ 

non-
starved 

16h 
starved/ 

5h 
starved 

Accession Description Gene Fold Change 

      

continuously regulated     

O14798 
Tumor necrosis factor receptor superfamily member 
10C 

TNFRSF10C 1.55 2.25 1.58 

P48307 Tissue factor pathway inhibitor 2 TFPI2 1.24 1.71 1.43 

P07858 Cathepsin B CTSB 1.08 1.25 1.18 
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5h 
starved/ 

non-
starved 

16h 
starved/ 

non-
starved 

16h 
starved/ 

5h 
starved 

Accession Description Gene Fold Change 

      

P15586 N-acetylglucosamine-6-sulfatase GNS 1.06 1.19 1.13 

P07339 Cathepsin D CTSD 1.05 1.17 1.12 

P17301 Integrin alpha-2 ITGA2 1.07 1.19 1.12 

P07686 Beta-hexosaminidase subunit beta HEXB 1.06 1.17 1.12 

P07602 Prosaposin PSAP 1.07 1.18 1.11 

P45880 
Voltage-dependent anion-selective channel protein 
2 

VDAC2 1.07 1.16 1.11 

Q16666 Gamma-interferon-inducible protein 16 IFI16 1.07 1.18 1.11 

P36957 
Dihydrolipoyllysine-residue succinyltransferase 
component of 2-oxoglutarate dehydrogenase 
complex, mitochondrial 

DLST 1.12 1.20 1.10 

Q9Y277 
Voltage-dependent anion-selective channel protein 
3 

VDAC3 1.08 1.16 1.09 

Q99623 Prohibitin-2 PHB2 1.10 1.17 1.09 

Q14697 Neutral alpha-glucosidase AB GANAB 1.05 1.13 1.08 

P07237 Protein disulfide-isomerase P4HB 1.07 1.15 1.08 

P48735 Isocitrate dehydrogenase [NADP], mitochondrial IDH2 1.05 1.11 1.08 

P30101 Protein disulfide-isomerase A3 PDIA3 1.07 1.14 1.07 

P15144 Aminopeptidase N ANPEP 1.06 1.12 1.06 

P00367 Glutamate dehydrogenase 1, mitochondrial GLUD1 1.07 1.12 1.06 

O00469 Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 PLOD2 1.05 1.11 1.06 

P30040 Endoplasmic reticulum resident protein 29 ERP29 1.06 1.11 1.04 

Q00341 Vigilin HDLBP -1.05 -1.12 -1.07 

P46821 Microtubule-associated protein 1B MAP1B -1.07 -1.14 -1.07 

P13639 Elongation factor 2 EEF2 -1.03 -1.10 -1.07 

P42677 40S ribosomal protein S27 RPS27 -1.10 -1.19 -1.09 

Q15942 Zyxin ZYX -1.14 -1.25 -1.11 

Q09666 
Neuroblast differentiation-associated protein 
AHNAK 

AHNAK -1.08 -1.21 -1.14 

Q99961 Endophilin-A2 SH3GL1 -1.10 -1.26 -1.16 

P16403 Histone H1.2 HIST1H1C -1.19 -1.38 -1.19 

P09493 Tropomyosin alpha-1 chain TPM1 -1.17 -1.38 -1.19 

P63313 Thymosin beta-10 TMSB10 -1.19 -1.38 -1.19 

P17813 Endoglin ENG -1.12 -1.34 -1.20 

P02786 Transferrin receptor protein 1 TFRC -1.13 -1.41 -1.25 

Q9UNN8 Endothelial protein C receptor PROCR -1.10 -1.40 -1.27 

      

inversely regulated     

Q9NZM1 Myoferlin MYOF 1.08 -1.08 -1.16 

P43121 Cell surface glycoprotein MUC18 MCAM -1.33 -1.20 1.11 
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5h 
starved/ 

non-
starved 

16h 
starved/ 

non-
starved 

16h 
starved/ 

5h 
starved 

Accession Description Gene Fold Change 

      

P62942 Peptidyl-prolyl cis-trans isomerase FKBP1A FKBP1A -1.07 1.03 1.09 

P00491 Purine nucleoside phosphorylase PNP -1.04 1.04 1.09 

P09960 Leukotriene A-4 hydrolase LTA4H -1.05 1.02 1.08 

P23246 Splicing factor, proline- and glutamine-rich SFPQ -1.06 1.00 1.06 

P08648 Integrin alpha-5 ITGA5 1.05 -1.06 -1.10 

Q13444 
Disintegrin and metalloproteinase domain-
containing protein 15 

ADAM15 1.21 -1.02 -1.22 

 

Cell surface glycoprotein MUC18 (MCAM) and MYOF showed a more remarkable change: MYOF 

was upregulated in 5h starved cells, but downregulated after 16h starvation even below the level of 

non-starved cells. MCAM was downregulated after 5h starvation and upregulated after 16h starvation, 

but not up to the level of non-starved cells (Table 3.12, Figure 3.20). 

 

Figure 3.20 Regulation pattern of MCAM and MYOF. 

Log10 intensities with mean (horizontal line) per indicated condition of all samples are depicted. All fold changes 

(FC) are significant (q < 0.05). 

221 proteins were early (pattern (iii)) and 98 were late (pattern (iv)) regulated (Supplemental 

Table S8). The strongest early regulations were observed for HBA1 (FC = -4.46), HBB (FC = -2.49), and 

CTGF (FC = -1.96). 7-dehydrocholesterol reductase (DHCR7, FC = 1.40) and heme oxygenase 1 (HMOX1, 

FC = -1.42) were those with the strongest late regulation (Supplemental Table S8).  
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3.3.5.2 Sex-specific effects of starvation on intracellular proteins  

For common comparisons only proteins significantly changed after multiple test correction 

were considered. Applying this threshold to regulations in only male or female cells led to strongly 

diminished numbers of significantly regulated proteins. This was at least partially caused by the 

reduced power in the sex-specific subsets in comparison to the total sample set. When applying a p-

value of 0.05 as a threshold, the number of proteins regulated in only male or female cells were smaller 

than those in the common comparison (Figure 3.21, Figure 3.19), but enabled a comprehensive 

analysis. Because of these observations, the following comparisons and analyses are based on proteins 

meeting the threshold of p < 0.05. 

 

Figure 3.21 Numbers of significantly altered intracellular proteins in male and female cells. 

Numbers of proteins within the indicated significance thresholds (t-test paired by individual) and comparisons 

in all cells and only male or female cells are shown. 

The observed patterns for all cells being analyzed together (Table 3.11 and Table 3.12) were 

partly resembled in only male and female cells. Most of the continuously regulated, but only few of 

the inversely regulated proteins, showed the same changes when male and female cells were analyzed 

separately (data not shown). MYOF and MCAM, for instance, resembled the time-dependent inverse 

regulation pattern shown in Figure 3.20 also in the sexes. Many proteins not resembling the common 

pattern in both sexes showed p-values close to the threshold of 0.05, but did not meet it in particular 

comparisons. TFPI2, for instance, was commonly upregulated and in females from non-starved to 5h 

starved cells, but not significantly in males. Here, the smaller sample size is very likely the reason for 

missing the threshold (Figure 3.22 A). Another case of “missing the threshold” was desmoplakin (DSP), 

which was regulated from non-starved to 5h starved and from 5h to 16h starved female cells, but not 

in males. Analysis of male and female samples together (common comparison) showed that only the 

regulation from 5h to 16h starvation was significant. Regulation from non-starved to 5h starved cells 
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was not significant, but closely missed the threshold (Figure 3.22 B). Here, the high p-values in male 

cells interfered with the low ones in females and, thus, lead to the closely missed threshold in the 

common regulation from non-starved to 5h starved cells. On the other hand, the significant common 

regulation after 16h starvation, in fact, only applies to females. 

 

Figure 3.22 Common and sex-specific regulation of TFPI2 and DSP after serum starvation. 

Box plots of TFPI2 (A) and DSP (B) log10 intensities according to condition and sample set (all [grey], male [blue], 

and female [orange]) are depicted. P-values per comparison are shown with significant values (p < 0.05, t-test 

paired by individual) in bold and those just above the threshold in red frames. 

The observations let one assume that the cellular sex has an impact on the response to 

starvation, which led to a closer examination of male- and female-specific regulations. When the sexes 

were examined separately, 19.3% of all proteins were regulated in males and/or females from non-

starved to 5h starved cells and 15.9% from 5h to 16h starved cells (Table 3.13). The Supplemental 

Tables S9 and S10 contain lists of those proteins. 

Table 3.13 Numbers of regulated proteins after starvation in all, male and female samples. 

Numbers of proteins significantly (p < 0.05, t-test paired by individual) up- (↑) or downregulated (↓) from non-

starved to 5h starved and from 5h to 16h starved cell in all, male or female cells are shown. n. s.: not significantly 

regulated. 

Regulation 
Non 

sex-specific 
Males only Females only 

Males and 

Females 

5h starved  

vs  

non-starved 

↑ 372 ↑ 70 ↑ 112 ↑100 

↓ 212 ↓ 52 ↓ 53 ↓52 

n. s. ↑ 30  ↓ 47 ↑ 62  ↓ 19 1 (inverse) 

= 584 = 199 = 246 = 153 
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Regulation 
Non 

sex-specific 
Males only Females only 

Males and 

Females 

16h starved  

vs  

5h starved 

↑ 307 ↑ 71 ↑ 79 ↑70 

↓ 186 ↓ 40 ↓ 53 ↓42 

n. s. ↑ 38 ↓ 29 ↑ 27  ↓ 43 1 (inverse) 

= 493 = 178 = 202 = 113 

 

String analysis of proteins regulated from non-starved to 5h starved cells in only one sex (male: 

199, female: 246, Table 3.13) showed an enrichment of mainly upregulated ribosomal proteins in male 

cells. In females, enrichment of proteins involved in splicing and protein degradation was observed. 

Both groups of proteins regulated only in males (178) or females (202) after long-term compared to 

short-term starvation were enriched in protein translation (data not shown). 

Two proteins showed inverse regulation in male and female cells: n-acylneuraminate 

cytidylyltransferase (CMAS) in 5h starved compared to non-starved cells and signal recognition 

particle 54 kDa protein (SRP54) in 16h compared to 5h starved cells (Figure 3.23). 

 

Figure 3.23 Proteins with inverse sex-specific regulation after serum starvation. 

Box plots of log10 intensities according to condition and male (blue) or female (orange) samples are depicted. 

Significantly different intensities are indicated (*p < 0.05, **p < 0.005, n.s.: p ≥ 0.05, t-test paired by individual). 

The observed differences in male- and female-specific protein regulation after serum starvation 

also resulted in differences in protein levels between male and female cells. This issue will be the 

subject of the following chapter and was published by Witt et al. [115]. 
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3.3.5.3 Sex-specific differences in intracellular protein levels upon starvation 

The numbers of proteins with different levels between the sexes and generally different 

proteins have been shown in chapter 3.3.3 (Figure 3.17 and Table 3.7). The overlap of sexually 

dimorphic proteins between conditions is not only very small in general, but also between short- and 

long-term starved, and non-starved cells (Figure 3.24).  

 

Figure 3.24 Proteins with sex-specific different intracellular levels. 

 

The proteins of interest here were those with sex-specific dimorphisms in one or two conditions 

that were regulated in at least one sex. Lists of such proteins are provided in the Supplemental Tables 

S11 and S12. The differential regulations of DSP and TFPI2 in males and females that were mentioned 

in chapter 3.3.5.2 did not lead to significant sexual dimorphism in any condition considered in this 

chapter. SRP54, however, indeed showed different sexual dimorphisms. The observed inverse 

regulation of SRP54 led from higher levels in female 5h starved cells to higher levels in male 16h 

starved cells (Figure 3.23). The proteins with sexual dimorphisms in both starvation conditions are 

shown in Table 3.14. Five of these ten proteins are X-chromosomally encoded (G6PD, DDX3X, EIF1AX, 

UBA1, and HDHD1); the sexual dimorphisms of SRP54 and COX7C were inversed between 5h and 16h 

starved cells (Table 3.14). 

16h starved
(114)
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Table 3.14 Proteins with sexual dimorphisms after starvation. 

Intracellular proteins with significant sex-specific different levels (p < 0.05, t-test paired by twin pair) in both 5h 

and 16h starved cells. Significant fold differences (male/female) are shown. 

Accession Description Genes 5h starved 
16h 

starved 

     

P14868 Aspartate--tRNA ligase, cytoplasmic DARS 1.10 1.10 

P11413 Glucose-6-phosphate 1-dehydrogenase G6PD 1.09 1.08 

P15954 
Cytochrome c oxidase subunit 7C, 
mitochondrial 

COX7C 1.21 -1.16 

O00571 ATP-dependent RNA helicase DDX3X DDX3X -1.11 -1.18 

P48681 Nestin NES -1.16 -1.16 

P61011 Signal recognition particle 54 kDa protein SRP54 -1.19 1.17 

P47813 
Eukaryotic translation initiation factor 1A, X-
chromosomal 

EIF1AX -1.20 -1.28 

Q9BYD3 39S ribosomal protein L4, mitochondrial MRPL4 -1.22 -1.23 

P22314 Ubiquitin-like modifier-activating enzyme 1 UBA1 -1.25 -1.25 

Q08623 Pseudouridine-5-phosphatase HDHD1 -1.49 -1.44 

 

Interestingly, the inversed dimorphism of COX7C was a result of a long-term starvation-induced 

upregulation in only female cells (Figure 3.25). 

 

Figure 3.25 Sex-specific regulation and dimorphisms of C12orf57 and COX7C after serum starvation. 

Box plots of log10 intensities according to condition and male (blue) or female (orange) samples are depicted. 

Significantly different intensities are indicated (*p < 0.05, **p < 0.005, n.s.: p ≥ 0.05, t-test paired by individual 

for comparison between conditions, paired by twin pair for comparison between sexes). 
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The assumption of the cellular sex having an impact on the intracellular effects of wounding and 

serum starvation could be confirmed. The degree of the impact, however, was rather small, but 

affected proteins of various functions. Such intracellular alterations often influence proteins with the 

purpose of adapting the extracellular matrix or exhibit auto- or paracrine effects in response to serum 

starvation. Therefore, protein alterations in the extracellular space will be elucidated in the following 

chapter. 

3.3.5.4 Common effects of starvation on extracellular proteins 

The high percentage of 20% FCS in non-starved cells compromised the quantification of human 

proteins and peptides in the cell culture medium. This is why supernatants of non-starved cells were 

not collected and analyzed, allowing a comparison of supernatants between 5h and 16h starved cells 

only. The number of proteins significantly changed from supernatants of 5h to those of 16h starved 

cells (492, p < 0.05, t-test paired by individual) decreased only by a small number after multiple test 

correction (472, Figure 3.26). The number of proteins with different extracellular levels in 

supernatants of male and female cells, however, was rather small (see Figure 3.17) and completely 

vanished after multiple test correction. For this reason, proteins with a p-value smaller than 0.05 were 

considered for all analyses and comparisons.  

 

Figure 3.26 Numbers of significantly altered extracellular proteins. 

Numbers of proteins with significantly different levels in the supernatants of 5h and 16h starved cells within the 

indicated significance thresholds (t-tests paired by individual) in all cells and only male or female cells are shown. 

Regarding the alteration of protein levels between cells starved for 5 or 16 hours, respectively, 

three classes of proteins were observed in the supernatant. Proteins with reduced extracellular levels 

represent a group for which the rate of secretion is lower compared to their rate of extracellular 

degradation or internalization by cells (reduction). No change in extracellular levels displayed either 

stopped secretion or a balance between ongoing secretion and degradation or internalization 
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(stagnation). Higher extracellular levels of a protein point to an ongoing secretion (accumulation). 

Statements about enhanced or diminished secretion could not be made based on the present data. 

Long-term starvation-induced apoptosis was considered as a source of rising amounts of proteins in 

the supernatants. However, a comparison between the extracellular intensities of proteins usually 

located inside the cell and those of the extracellular space (based on Gene Ontology:annotations) 

revealed only a small increase of intracellular protein intensities, while the extracellular ones more 

than doubled (Figure 3.27). This is why extensive cell lysis was ruled out. 

 

Figure 3.27 Intensity proportions of proteins identified in the supernatants. 

 

In the supernatants of long-term compared to short-term starved cells a significant change in 

abundance of 492 proteins (39% of all proteins identified in the supernatants) was observed, of which 

355 proteins displayed higher and 137 lower intensities after 16h compared to 5h of serum starvation 

(Supplemental Table S13). Interestingly, accumulated proteins showed more than three-fold higher 

fold changes than reduced ones: Peroxidasin-homolog (PXDN) showed a 9.23-fold increase, whereas 

DSP was found at a 2.78-fold lower level (Table 3.15, Supplemental Table S13). 
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Table 3.15 Extracellular proteins with the strongest alteration after long-term starvation. 

The five proteins with the strongest significant increase or decrease are shown (p < 0.05, t-test paired by 

individual). 

   

16h starved/ 
5h starved 

Accession Description Gene Fold Change 

    

Q92626 Peroxidasin homolog PXDN 9.23 

P09238 Stromelysin-2 MMP10 8.77 

Q16363 Laminin subunit alpha-4 LAMA4 7.67 

Q08629 Testican-1 SPOCK1 7.59 

Q71DI3 Histone H3.2 HIST2H3A 7.01 

Q14204 Cytoplasmic dynein 1 heavy chain 1 DYNC1H1 -1.91 

P07311 Acylphosphatase-1 ACYP1 -2.05 

Q15293 Reticulocalbin-1 RCN1 -2.47 

Q15049 Membrane protein MLC1 MLC1 -2.58 

P15924 Desmoplakin DSP -2.78 

 

PXDN, MMP10, LAMA4, and DSP are known proteins involved in the extracellular matrix. These 

proteins showed strong regulations after long-term starvation (Figure 3.28), also passing multiple test 

correction (data not shown).  
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Figure 3.28 Known extracellular matrix proteins significantly changed after long-term starvation. 

P-values were calculated in t-test paired by individual. 

 

There were vast changes in the extracellular proteome of HUVECs under long-term starvation 

not only in numbers, but also in amplitude. The fact that the majority of proteins was accumulated, 

points to ongoing secretion. The possibility of a sex-specific impact affecting the observed changes 

will be investigated in the next chapter. 

3.3.5.5 Sex-specific effects of starvation on extracellular proteins 

The high extent of protein alterations that were observed when samples were analyzed 

independent of the sex (3.3.5.4) was also found when male or female samples were examined 

separately (Figure 3.26).  

The majority of proteins was also significantly accumulated or reduced in both sexes (Figure 

3.29, Supplemental Table S14). 
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Figure 3.29 Numbers of extracellular proteins with sex-specific regulation from short to long-term starvation. 

Extracellular proteins with significantly different common, male-, or female-specific levels (p < 0.05, t-test paired 

by individual) from 5h to 16h starved cells were compared. 

A paired t-test comparing the male with the female regulation from 5h to 16h starved cell 

supernatants revealed only eight proteins that were altered to a significantly different degree (Table 

3.16). Endothelin-1 (EDN1) showed the strongest alteration with higher accumulation in the 

supernatants of male cells. There were no proteins with inverse alterations in male and female cells. 

Table 3.16 Proteins with different extracellular levels in the supernatant of male and female cells after 16h 

starvation compared 5h starvation. 

Extracellular proteins with significantly (p < 0.05, t-test paired by twin pair) different 16h/5h ratios in male and 

female supernatants are shown, which were also significantly altered in the supernatants of all 16h compared 

to 5h starved cells (p < 0.05, t-test paired by individual). Fold changes of alterations in supernatants of 16h 

compared to 5h starved male and female cells are displayed. 

Accession Description Gene male female 

     

P05305 Endothelin-1 EDN1 3.91 3.62 

O95084 Serine protease 23 PRSS23 3.54 3.58 

P22392 Nucleoside diphosphate kinase B NME2 2.61 3.26 

P61970 Nuclear transport factor 2 NUTF2 1.59 1.94 

P46821 Microtubule-associated protein 1B MAP1B -1.11 -1.26 

P00367 Glutamate dehydrogenase 1, mitochondrial GLUD1 -1.30 -1.19 

Q14194 Dihydropyrimidinase-related protein 1 CRMP1 -1.50 -1.26 

Q9UI15 Transgelin-3 TAGLN3 -1.66 -1.26 

 

(492) (384)

(397)
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3.3.5.6 Sex-specific differences in extracellular protein levels upon starvation 

As shown in Figure 3.17A only a small number of proteins exhibited different extracellular levels 

between the sexes, which means that the vigorous changes reported in the previous chapter only had 

a minor impact on sex-specific extracellular protein abundances. 25 and 31 proteins showed different 

levels between males and females in the supernatants of 5h and 16h starved cells, respectively, with 

TFPI2 and S100A1 being the only proteins with higher female levels in both conditions (Supplemental 

Table S15). The proteins with an extracellular function and sex-specific different levels are shown in 

Table 3.17. Interestingly, MMP10 was identified in only few 5h starved samples but almost all samples 

of the 16h conditions. 

Table 3.17 Extracellular proteins with sex-specific different levels in 5h and 16h starved cell supernatants. 

Proteins identified in the supernatants of 5h and 16h starved cells with an extracellular function and a 

significantly different level (p < 0.05, t-test paired by twin pair) between the sexes. Significant fold differences 

(m/f) are in bold. *less than 4 paired values. 

Accession Description Genes 5h starved 
16h 

starved 

     

P48307 Tissue factor pathway inhibitor 2 TFPI2 -1.76 -1.42 

P13611 Versican core protein VCAN 1.13 1.03 

P50281 Matrix metalloproteinase-14 MMP14 -* 1.36 

P09238 Stromelysin-2 MMP10 -* -2.09 

 

Extracellular protein alterations in response to long-term serum starvation appeared to be more 

extensive than intracellular, but, in contrast, the cellular sex had a rather small impact on the observed 

changes. However, changes in the intracellular level could provide indication of the processes leading 

to these observations. The interaction of intra- and extracellular processes is of great importance for 

stress responses and shall be elucidated in the next chapter. 

3.3.5.7 Comparison of intra- and extracellular proteins regulated by starvation 

In all samples of the scratch experiment (Figure 2.2 and Figure 3.11) 2091 proteins were 

identified only in the intracellular proteome and 270 only in the cell culture supernatant (Figure 3.12). 

This indicates that the majority of proteins remains in the cell and plays a role in intracellular 

processes. In contrast, a minority seems to be transported to the membrane and out of the cell directly 

after synthesis, so that the intracellular level is too low to be detected. Such proteins will not be 
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subject of this chapter. The interplay of proteins located both inside and outside of the cell could 

provide a comprehensive insight into the cellular response mechanisms.  

The sex-specific alterations observed intra- and extracellularly were rather low with only 25 

proteins that were found to be altered only in males or females. In contrast, 130 proteins were 

commonly altered in both compartments; of those, 82 were also observed when samples of male and 

female cells were analyzed separately. The combination of alterations in all, only male, or only female 

samples is illustrated in Table 3.18, a list of these proteins can be found in Supplemental Table S16.  

Table 3.18 Starvation induced intra- and extracellular protein alterations per sample group and mechanism. 

Numbers of proteins significantly altered (p < 0.05, t-test paired by individual) from 5h to 16h starved cells in 

both intra- and extracellular samples in all (A), only male (M) or only female (F) cells. 
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The fact that there were indeed proteins altered in one sex, but not the other, led, again, to the 

question, whether these alterations resulted in sexually dimorph protein levels in both intra- and 

extracellular samples. In 5h starved cells no such proteins were found. In 16h starved cells there were 

only two proteins with such characteristics: UBA1 and fumarate hydratase, mitochondrial (FH) showed 

higher intra- and extracellular levels in female cells (data not shown). Interestingly, TFPI2 showed no 

significant intracellular sexual dimorphisms in the basal condition, upon wounding, or under serum 

starvation, but it did in the extracellular proteome of both 5h and 16h starved cells with higher levels 

in females (Figure 3.30). 

 

Figure 3.30 Sex-specific dimorphisms of TFPI2 under serum starvation. 

Box plots of log10 intensities according to intra- or extracellular condition and male (blue) or female (orange) 

samples are depicted. Significantly different intensities are indicated (*p < 0.05, n.s.: p ≥ 0.05, t-test paired by 

twin pair). 

The analyses of serum starvation effects and a possible sex-specific impact revealed vast 

general, but also male- and female-specific changes. To revisit the question of the cellular sex 

influencing the response to external stressors, the observations clearly point to a positive evaluation. 

There were proteins only regulated in one sex, which would not have been observed when males and 

females were mixed, although, in the latter case, the statistical power was higher. However, only a 

small number of proteins showed sex-specific different levels. General differences could only be 

detected for X-chromosomally encoded proteins, as was expected, but only UBA1 was generally 

different also in the supernatants. Concluding this chapter, starvation has a stronger impact on cellular 
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protein regulation than the cellular sex, but the impact of the latter is big enough to generate a 

deviation that could affect the outcome of experiments with mixed male and female HUVECs.  

3.3.6 Growth factor effects 

The growth factors VEGF and bFGF have different effects on different cell types depending on 

the receptors located on the cell surface (see Introduction). The experiments described in the 

following chapter focused on the disclosure of the effect of the growth factors on starved cells and 

the question whether male and female cells respond differently. 

3.3.6.1 Common effects of growth factors on intracellular proteins 

The analyses yielded higher numbers of significantly regulated (p < 0.05, t-test paired by 

individual) intracellular proteins in VEGF treated cells than in bFGF treated ones (Figure 3.31). After 

multiple test correction the number of proteins significantly (q < 0.05) affected by bFGF was too small 

(Figure 3.31) for further analyses, which is why the threshold of p < 0.05 was used.  

 

Figure 3.31 Numbers of significantly altered intracellular proteins after growth factor treatment and 

starvation. 

Numbers of proteins altered within the indicated significance thresholds and comparisons (t-test paired by 

individual) are shown. 

Figure 3.32 shows a high number of proteins regulated with VEGF, and a smaller number of 

bFGF regulated ones.  
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Figure 3.32 Intracellular proteins regulated upon growth factor treatment. 

Number of proteins significantly regulated (p < 0.05, t-test paired by individual) after growth factor treatment 

in comparison to long-term starvation and overlap. 

As VEGF is an inducer of extracellular matrix remodeling (see Introduction) such proteins were 

of particular interest. Several extracellular matrix proteins like collagens (COL18A1, COL4A1, COL4A2, 

COL12A1) and matrix metalloproteinases (MMP1, MMP14) were regulated by VEGF (Supplemental 

Table S13). Within the 93 proteins regulated by both growth factors, 11 extracellular matrix proteins 

were found. Seven of these were differentially regulated with VEGF and bFGF compared to 16h 

starved cells (Table 3.19).  

Table 3.19 Proteins of the extracellular matrix regulated by VEGF and bFGF. 

Proteins involved in the extracellular matrix and significantly regulated by both growth factors compared to long-

term starvation (p < 0.05, t-test paired by individual). 

Accession Description Gene VEGF bFGF 

     

similarly regulated    

A8MTL9 Serpin-like protein HMSD HMSD 1.23 1.21 

P39060 Collagen alpha-1(XVIII) chain COL18A1 1.14 1.12 

O43852 Calumenin CALU 1.08 1.05 

P40121 Macrophage-capping protein CAPG -1.05 -1.05 

     

stronger regulated with VEGF    

Q9NQ30 Endothelial cell-specific molecule 1 ESM1 3.34 1.43 

P07858 Cathepsin B CTSB 1.09 1.05 

P05121 Plasminogen activator inhibitor 1 SERPINE1 -1.17 -1.08 

P02751 Fibronectin FN1 -1.23 -1.06 

     

inversely regulated    

Q12841 Follistatin-related protein 1 FSTL1 1.25 -1.18 

P03956 Interstitial collagenase MMP1 -1.07 1.13 

P04275 von Willebrand factor VWF -1.20 1.05 
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Functional analysis revealed a variety of pathways, regulators, and functions regulated by VEGF 

and bFGF (Supplemental Table S18). Interestingly, the increased oxidative phosphorylation after 

serum starvation (Table 3.10) was decreased with VEGF. Oxidative phosphorylation was not regulated 

by VEGF compared to 5h starved cells, but still higher compared to non-starved cells (data not shown). 

A bFGF-induced regulation of oxidative phosphorylation was not found, although two NADH 

dehydrogenase subunits (NDUFA9, NDUFB5) were upregulated (Supplemental Table S17). 

Additionally, proteasomal subunits were differentially regulated (PSMA4, PSMD10, PSME1, PSME2) 

with bFGF (Supplemental Table S17), and the canonical pathways EIF signaling, Huntington Disease 

signaling, and ILK signaling, were downregulated after long-term starvation but upregulated with 

bFGF (Supplemental Tables S7 and S18). Both growth factors induced an increase of thrombin 

signaling even more than serum starvation. With VEGF mainly regulation of cancer and cell death was 

upregulated, while DNA repair, and cell movement and proliferation were predicted to be 

downregulated compared to long-term starved cells. bFGF treated cells showed quite the opposite 

effect as the functions movement, invasion, and migration were activated, whereas cytolysis and 

movement disorders were downregulated (Supplemental Table S18). 

To reveal more details of the growth factor-induced regulations, comparisons of VEGF, bFGF, 

and long-term starvation to short-term starvation were performed. Significantly different regulation 

in the same direction was divided into “enhanced” or “attenuated”, depending on stronger or weaker 

growth factor-dependent regulation, respectively. Herein, 69 proteins were enhanced only with VEGF 

(data not shown). Other proteins with enhanced, attenuated or inverse regulation are shown in Figure 

3.33. 
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Figure 3.33 Differential intracellular regulation between serum starvation and growth factor treatment. 

Heatmap shows ratios of long-term starvation (1), VEGF (2) or bFGF (3) treatment compared to short-term 

starvation. 

The impact of VEGF was larger than that of bFGF. While VEGF led to different regulation 

patterns in many proteins, bFGF often showed only regulations in the same direction as long-term 

starvation.  

Pawlowska et al. did a 2D gel electrophoresis analysis of starved cells and reported at least two-

fold increased intensities for 82 proteins after VEGF treatment [129]. In this study, taking all samples 

regardless of the sex into account, 18 of these proteins were also regulated after VEGF treatment, but 

only eight were increased and none of them more than 1.2-fold (Table 3.20). 

Table 3.20 Reported proteins with VEGF-induced regulation in the current study. 

Proteins with previously reported VEGF-induced increased levels and the corresponding intra- and extracellular 

fold change from 16h starved to VEGF treated cells of this data set. Significant values (q < 0.05) are in bold. 

   Fold Change 

Accession Description Gene all m f 

      

P14923 Junction plakoglobin JUP 1.21 1.19 1.22 

P14625 Endoplasmin HSP90B1 1.20 1.21 1.18 

P11021 Endoplasmic reticulum chaperone BiP HSPA5 1.17 1.18 1.16 

P13797 Plastin-3 PLS3 1.10 1.12 1.09 

P04792 Heat shock protein beta-1 HSPB1 1.11 1.11 1.11 

1 2 3

enhanced by VEGF and bFGF:
FABP5, PECAM1, RTN4

stronger enhanced by VEGF 
than bFGF:

FABP4, CD55, CTSB, MCAM, 
HYOU1

attenuated by VEGF and bFGF:
EEF2 inversed by VEGF, 

enhanced by bFGF:
VWF, RALA

enhanced by bFGF:
TNFRSF10C, PXDN, ACSL3, CPNE1, 

ITGA2, PSAP, ECHS1, APMAP, LAMP1

attenuated by bFGF:
ANXA3, EFTUD2

inversed by VEGF:
NUDT4, EHD2

attenuated by VEGF:
DHCR7, ZYX, SH3GL1
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   Fold Change 

Accession Description Gene all m f 

      

P30101 Protein disulfide-isomerase A3 PDIA3 1.06 1.05 1.07 

P26038 Moesin  MSN 1.05 1.05 1.04 

P08670 Vimentin  VIM 1.03 1.03 1.04 

P06733 Alpha-enolase ENO1 -1.05 -1.04 -1.06 

P08238 Heat shock protein HSP 90-beta HSP90AB1 -1.05 -1.04 -1.06 

P10809 60 kDa heat shock protein, mitochondrial HSPD1 -1.06 -1.04 -1.09 

Q9Y230 RuvB-like 2 RUVBL2 -1.07 -1.06 -1.07 

P52815 39S ribosomal protein L12, mitochondrial MRPL12 -1.11 -1.12 -1.10 

Q16576 Histone-binding protein RBBP7 RBBP7 -1.11 -1.09 -1.13 

P28066 Proteasome subunit alpha type-5 PSMA5 -1.02 -1.05 1.01 

P11142 Heat shock cognate 71 kDa protein HSPA8 -1.03 -1.02 -1.03 

P35232 Prohibitin  PHB -1.06 -1.06 -1.06 

P48643 T-complex protein 1 subunit epsilon CCT5 -1.03 1.00 -1.06 

 

Interestingly, in the study by Pawlowska et al. DSP was increased with VEGF, but, in the current 

study, this was not observed. Here, DSP showed a starvation-induced early decrease and late increase 

only in females (Figure 3.22). 

3.3.6.2 Sex-specific effects of growth factors on intracellular proteins 

The effect of growth factors on endothelial cells has been subject of several studies, but until 

now only Lorenz et al. [116] investigated the existence of a sex-specific response to growth factors 

regarding migration and energy production (see Introduction). To investigate if findings are associated 

with molecular alterations in the proteome, MS data were analyzed also regarding sex-specific effects 

of growth factors. The number of significantly (p < 0.05) affected proteins in the presence of growth 

factors was lower in only one sex than in all cells (Figure 3.34), as has already been observed under 

serum starvation (Figure 3.21). This may, again, be caused by the lower statistical power of the analysis 

of smaller sample numbers. None of the proteins sex-specifically changed upon bFGF treatment 

passed the multiple test correction threshold q < 0.05, which is why further analyses were conducted 

with the threshold of p < 0.05. 
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Figure 3.34 Numbers of sex-specifically altered intracellular proteins after growth factor treatment. 

Numbers of proteins within the indicated significance thresholds (t-tests paired by individual) and comparisons 

in all cells and only male or female cells are shown. 

In order to focus the analyses, the impact of growth factors on protein regulation in males and 

females was analyzed in comparison to 16h starved cells. Protein regulation in only one sex, inverse 

regulation, differences in its degree and thereby caused sex-specific differences in protein levels were 

issues that will be addressed in the following chapter. The numbers of sex-specifically regulated 

proteins after VEGF treatment are shown in Figure 3.34. The overlap of proteins altered in both male 

and female cells made up roughly a quarter of VEGF affected proteins (Figure 3.35).  

 

Figure 3.35 Intracellular proteins sex-specifically regulated under VEGF treatment. 

Numbers of intracellularly identified proteins significantly regulated (p < 0.05, t-test paired by individual) in all, 

male or female VEGF treated compared to 16h starved cells. 

0

200

400

600

800

1000

VEGF vs
5h starved

VEGF vs
16h starved

bFGF vs
5h starved

bFGF vs
16h starved

VEGF vs
bFGF

p < 0.05 all q < 0.05 all p < 0.05 male q < 0.05 male p < 0.05 female q < 0.05 femalep q q qp p

VEGF vs 16h starved

(596) (382)

(425)



Results 

 

 

83 

VEGF appeared to have a slightly stronger effect on female than on male cells according to the 

affected numbers of proteins. Of the proteins regulated in all, male, and female cells (174, Figure 3.35) 

only four proteins were regulated to different degrees between the sexes (Table 3.21).  

Table 3.21 Proteins with different extracellular levels in the supernatant of male and female cells after 16h 

starvation compared 5h starvation. 

Proteins with significantly (p < 0.05, t-test paired by twin pair) different VEGF/16h starvation ratios in male and 

female supernatants are shown, which were also significantly altered in all VEGF treated compared to 16h 

starved cells (p < 0.05, t-test paired by individual). Fold changes of alterations in VEGF treated compared to 16h 

starved male and female cells are displayed. 

Accession Description Gene male female 

     

P60033 CD81 antigen CD81 1.20 1.38 

O43795 Unconventional myosin-Ib MYO1B 1.15 1.38 

Q9NR45 Sialic acid synthase NANS 1.17 1.09 

Q96D15 Reticulocalbin-3 RCN3 -1.20 -1.11 

 

Nucleosome assembly protein 1-like 4 (NAP1L4) was the only protein with inverse regulation in 

male and female cells after VEGF treatment (Figure 3.36). 

 

Figure 3.36 Intracellular sex-specific regulations and dimorphisms of NAP1L4 upon VEGF treatment. 

Box plots of intracellular log10 intensities according to the indicated condition and male (blue) or female (orange) 

samples are depicted. Significantly different intensities are indicated (*p < 0.05, **p < 0.005, n.s.: p ≥ 0.05, t-test 

paired by individual). 
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Functional analysis of proteins altered in male (382) or female (425) cells in response to VEGF 

treatment revealed increased remodeling of epithelial adherence junctions and decreased EIF2 

signaling in male cells (Figure 3.37).  

 

Figure 3.37 Canonical pathways regulated in male cells after VEGF treatment. 

Functional analysis of intracellular proteins significantly changed (p < 0.05, t-test paired by individual) by VEGF 

compared to 16h starved male cells. Only pathways with a z-score higher than |2| were considered. 

In female cells, interestingly, no canonical pathways showed significant regulation with a z-score 

higher than |2|. VEGF-induced regulation of oxidative phosphorylation as described for common 

comparisons (3.3.6.1) was not observed in any sex. 

When examining sex-specific different protein levels upon VEGF treatment, 102 proteins were 

found, the majority with higher levels in female cells (Figure 3.17 A). The top five proteins with 

respective higher levels in male or in female cells are shown in Table 3.22.  

Table 3.22 Top ten proteins with different sex-specific levels upon VEGF treatment. 

Intracellularly identified proteins with the five highest significant sexual dimorphisms (p < 0.05, t-test paired by 

twin pair) in male or female VEGF treated cells. A positive fold difference (m/f) presents a higher level in male 

cells, a negative one higher levels in females. 

Accession Description Gene m/f 

    

Q6UWP8 Suprabasin SBSN 1.71 

Q6UVK1 Chondroitin sulfate proteoglycan 4 CSPG4 1.58 

Q86WR0 Coiled-coil domain-containing protein 25 CCDC25 1.50 

P34059 N-acetylgalactosamine-6-sulfatase GALNS 1.41 

Q9NPH2 Inositol-3-phosphate synthase 1 ISYNA1 1.40 

Q9H0A0 N-acetyltransferase 10 NAT10 -1.33 

Q6P5R6 60S ribosomal protein L22-like 1 RPL22L1 -1.47 

Q08623 Pseudouridine-5-phosphatase HDHD1 -1.49 

O43818 U3 small nucleolar RNA-interacting protein 2 RRP9 -1.67 

Q9NQA3 WAS protein family homolog 6 WASH6P -1.80 
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In bFGF treated cells the sex-specific protein regulations were much smaller than after VEGF 

treatment. Only nine proteins were regulated in both male and female cells, none of these were 

regulated to different degrees or inversely (Figure 3.38). On the other hand, this observation might 

point to a more distinct impact of bFGF on the sexes, because a higher percentage of proteins was 

regulated in only one sex, whereas, after VEGF treatment, the majority of protein regulations overlaps 

between the sexes. 

 

Figure 3.38 Intracellular proteins sex-specifically regulated upon bFGF treatment. 

Numbers of intracellularly identified proteins significantly regulated in all, male or female bFGF treated 

compared to 16h starved cells (p < 0.05, t-test paired by individual). 

Functional analysis of proteins regulated in male (122) or female (125) cells revealed that 

different proteins were involved in the predicted activation of cardiac hypertrophy signaling in male 

(GNA11, IKBKB, ITGA2, RELA, RAP1B, and RALA) and female (ITPR3, MAPK1, PLCB3, GNG12, MYL9, and 

RALA) cells. Besides, various other pathways were affected in the presence of bFGF (Supplemental 

Table S19).  

There were six proteins with an extracellular function and sex-specific different levels upon 

bFGF treatment (Table 3.23), of which COL7A1 also showed higher levels in VEGF treated males. 

Interestingly, SBSN showed higher levels in males upon VEGF treatment (Table 3.22), but higher levels 

in females upon bFGF treatment (Table 3.23). 
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Table 3.23 Proteins with different sex-specific levels upon bFGF treatment and extracellular function. 

Intracellularly identified proteins with a sexual dimorphism (p < 0.05, t-test paired by twin pair) in bFGF treated 

cells and an extracellular annotation. A positive fold difference (m/f) presents a higher level in male cells, a 

negative one higher levels in females. 

Accession Description Gene m/f 

    

Q02388 Collagen alpha-1(VII) chain COL7A1 1.48 

P11047 Laminin subunit gamma-1 LAMC1 1.25 

Q9Y4K0 Lysyl oxidase homolog 2 LOXL2 1.23 

Q8NCW5 NAD(P)H-hydrate epimerase APOA1BP -1.19 

Q8NBF2 NHL repeat-containing protein 2 NHLRC2 -1.36 

Q6UWP8 Suprabasin SBSN -1.76 

 

A comparison between sex-specific VEGF- and bFGF-dependent regulations revealed that only 

a small number of proteins was regulated by both growth factors compared to long-term starvation 

in male or female cells (Figure 3.39).  

 

Figure 3.39 Sex-specific regulated intracellular proteins after growth factor treatment. 

Comparison of protein numbers significantly regulated after VEGF or bFGF treatment compared to long-term 

starvation (p < 0.05, t-test paired by individual) in male and female cells. 

Among the 42 proteins regulated in male cells 13 were regulated to different degrees and three 

were inversely regulated. Of the 42 proteins in female cells, 11 showed different degrees and four 

showed inverse regulation (Supplemental Table S20). Interestingly, endothelial cell-specific molecule 

1 (ESM1) was upregulated in male cells by both growth factors (and stronger with VEGF, Supplemental 

Table S20), but only by VEGF in female cells. A particular regulation pattern was observed for 

cytochrome c oxidase subunit NDUFA4 representing the only protein with robust opposite sexual 

dimorphisms in VEGF and bFGF treated cells. NDUFA4 was significantly downregulated in male cells in 

the presence of VEGF, whereas the positive effect on female cells was small but sufficient for a 

significantly higher level in female cells. In contrast, small inverse effects of bFGF were observed in 

male and female cells, leading to significantly higher NDUFA4 levels in male cells (Figure 3.40). 

Male Female

383
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Figure 3.40 Intracellular sex-specific dimorphisms of NDUFA4 after growth factor treatment. 

Box plots of intracellular log10 intensities according to the indicated condition and male (blue) or female (orange) 

samples are depicted. Only significantly different intensities are indicated (*p < 0.05, **p < 0.005, t-test paired 

by individual for comparison between conditions, paired by twin pair for comparison between sexes). 

The growth factors had a great common but also sex-specific impact on endothelial cells. VEGF 

affected a high number of proteins in both male and female cells, whereas bFGF appeared to affect 

very different proteins and pathways in the sexes. 

3.3.6.3 Common effects of growth factors on extracellular proteins 

The extracellular growth factor effect was assessed by a comparison similar to the intracellular 

samples. When compared to all intra- and extracellular identifications a higher proportion of proteins 

was significantly altered in the supernatants than in the intracellular proteome (compare Figure 3.12, 

Figure 3.31, and Figure 3.41). As done before, nominal significant alterations (p < 0.05) will be used 

for further considerations. 

 

Figure 3.41 Numbers of altered proteins in the supernatants of growth factor treated cells. 

Numbers of extracellular proteins within the indicated significance thresholds and comparisons (t-tests paired 

by individual).  
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As seen for the intracellular proteins (Figure 3.32), the number of extracellular proteins 

significantly changed in the presence of VEGF compared to long-term starvation was much higher than 

those affected by bFGF (Figure 3.42). Interestingly, the majority of proteins showed decreased 

intensity after growth factor treatment and were localized in the intracellular space. This may 

generally point to a growth factor-induced improved vitality. 

 

Figure 3.42 Extracellular proteins regulated upon growth factor treatment. 

Number of proteins significantly regulated (p < 0.05, t-test paired by individual) after growth factor treatment 

in comparison to long-term starvation and overlap. 

In the supernatants of HUVECs proteins involved in extracellular signaling and matrix 

remodeling were expected to be regulated by the growth factors. Indeed, with VEGF several such 

proteins were upregulated. Among them were three collagens (COL4A1, COL4A2, COL12A1), three 

MMPs (MMP1, MMP10, MMP14), and two growth factors (CTGF, GDF15; Supplemental Table S21). 

Five proteins involved in extracellular activities were regulated by both growth factors (Table 3.24). 

Table 3.24 Secreted proteins of the extracellular space regulated by VEGF and bFGF. 

Proteins involved in the extracellular space and significantly regulated in the supernatants of cells treated with 

both growth factors compared to long-term starved cells (p < 0.05, t-test paired by individual). 

Accession Description Gene VEGF bFGF 

     

similarly regulated    

O15123 Angiopoietin-2 ANGPT2 1.38 1.22 

P35556 Fibrillin-2 FBN2 1.22 1.23 

P14174 Macrophage migration inhibitory factor MIF -1.34 -1.17 

     

stronger regulated with VEGF    

Q92743 Serine protease HTRA1 HTRA1 1.29 1.12 

P09382 Galectin-1 LGALS1 -1.32 -1.11 
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Functional analysis of the growth factor-induced regulation of proteins from HUVEC 

supernatants showed a variety of affected pathways. Most interestingly, the Remodeling of Epithelial 

Adherens Junctions was predicted to be decreased by both growth factors, whereas Production of 

Nitric Oxide and Reactive Oxygen Species in Macrophages was upregulated by VEGF (data not shown). 

3.3.6.4 Sex-specific effects of growth factors on extracellular proteins 

Numbers of male- and female-specific alterations of extracellular proteins were the highest 

with bFGF compared to 5h starved cells, but the lowest when bFGF was compared to 16h starved cells 

(Figure 3.43), pointing to a rather weak effect of bFGF. After multiple test correction sex-specific 

alterations from 16h starved to bFGF treated cells were diminished to four proteins in males and 

vanished completely in females (Figure 3.43). 

 

Figure 3.43 Numbers of sex-specifically altered extracellular proteins after growth factor treatment. 

Numbers of proteins within the indicated significance thresholds and comparisons in all cells and only male or 

female cells are shown. 

As shown for intracellular proteins, VEGF also had a slightly stronger effect on female than on 

male cells according to the affected numbers of extracellular proteins (Figure 3.44). 
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Figure 3.44 Extracellular proteins sex-specifically regulated under VEGF treatment. 

Numbers of extracellularly identified proteins significantly regulated (p < 0.05, t-test paired by individual) in all, 

male or female VEGF treated compared to 16h starved cells. 

When the 137 proteins altered in all, male, or female cells were examined more closely, three 

proteins with significantly different levels between the sexes became obvious: Growth/differentiation 

factor 15 (GDF15) and follistatin-related protein 1 (FSTL1) were stronger accumulated, peroxiredoxin-

1 (PRDX1) was stronger reduced in female than in male cells (Figure 3.45).  

 

Figure 3.45 Differential alterations in the supernatants of male and female cells after long-term starvation and 

VEGF treatment. 

Box plots of extracellular log10 intensities according to the indicated condition and male (blue) or female (orange) 

samples are depicted. Significantly different VEGF/16h starved ratios between male and female cells are 

indicated (*p < 0.05, t-test paired by twin pair). 

As VEGF was reported to lead to enhanced migration in female HUVECs [116], levels of proteins 

from the supernatants of VEGF treated and 16h starved cells that are involved in extracellular 

functions and were only altered in female cells are potential triggers of that observation. 16 such 
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proteins were found (Table 3.25). Interestingly, EDN1 was accumulated in both sexes after long-term 

compared to short-term starvation (Table 3.16), but upon VEGF treatment its extracellular levels were 

even higher only in females (Table 3.25). 

Table 3.25 Levels of extracellular proteins altered by VEGF only in female supernatants. 

Extracellularly identified proteins involved in extracellular functions with significant alteration (p < 0.05, t-test 

paired by individual) in VEGF treated compared to 16h starved female but not male cells. 

Accession Description Gene 
Fold 

change 

    

P08572 Collagen alpha-2(IV) chain COL4A2 1.96 

P05305 Endothelin-1 EDN1 1.50 

Q9NZV1 Cysteine-rich motor neuron 1 protein CRIM1 1.49 

P01008 Antithrombin-III SERPINC1 1.41 

P35556 Fibrillin-2 FBN2 1.38 

P29279 Connective tissue growth factor CTGF 1.37 

Q9GZM7 Tubulointerstitial nephritis antigen-like TINAGL1 1.34 

Q9HB63 Netrin-4 NTN4 1.32 

Q9UBP4 Dickkopf-related protein 3 DKK3 1.32 

Q92626 Peroxidasin homolog PXDN 1.26 

P11047 Laminin subunit gamma-1 LAMC1 1.26 

P01033 Metalloproteinase inhibitor 1 TIMP1 1.18 

Q16270 Insulin-like growth factor-binding protein 7 IGFBP7 1.16 

Q96GW7 Brevican core protein BCAN 1.16 

P28300 Protein-lysine 6-oxidase LOX -1.19 

P07339 Cathepsin D CTSD -1.31 

 

Functional analysis of proteins with different levels in VEGF treated male (214) or female (238) 

supernatants showed overlapping pathways with decreased activity like regulation of actin-based 

motility, which all contain different actins (Supplemental Table S22).  

Proteins with sex-specific different levels in the extracellular space with an extracellular 

function were also of high interest. Here, only TFPI2 and MMP10 showed sexual dimorphisms with 

higher levels in female cells. Both proteins were also sex-specific different in the supernatants of 16h 

starved cells (Table 3.26, Supplemental Table S23). In general, 14 proteins showed sex-specific 

different levels in the supernatant of VEGF treated cells (Table 3.26). 
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Table 3.26 Extracellularly identified proteins with different sex-specific levels upon VEGF treatment. 

Proteins with significant sexual dimorphisms (p < 0.05, t-test paired by twin pair) in VEGF treated cells. A positive 

fold difference (m/f) presents a higher level in male cells. 

Accession Description Gene m/f 

    

P62424 60S ribosomal protein L7a RPL7A 1.57 

P62913 60S ribosomal protein L11 RPL11 1.36 

Q14195 Dihydropyrimidinase-related protein 3 DPYSL3 1.34 

P11217 Glycogen phosphorylase, muscle form PYGM 1.26 

Q15942 Zyxin ZYX 1.20 

P36871 Phosphoglucomutase-1 PGM1 -1.13 

Q96CW1 AP-2 complex subunit mu AP2M1 -1.20 

Q9NYF3 Protein FAM53C FAM53C -1.27 

P22314 Ubiquitin-like modifier-activating enzyme 1 UBA1 -1.27 

P68036 Ubiquitin-conjugating enzyme E2 L3 UBE2L3 -1.29 

Q9P1F3 Costars family protein ABRACL ABRACL -1.39 

Q08752 Peptidyl-prolyl cis-trans isomerase D PPID -1.45 

P48307 Tissue factor pathway inhibitor 2 TFPI2 -1.47 

P09238 Stromelysin-2 MMP10 -1.69 

 

The numbers of sex-specifically altered proteins after bFGF treatment were lower than after 

VEGF treatment (compare Figure 3.44 and Figure 3.46). 

 

Figure 3.46 Extracellular proteins sex-specifically regulated under bFGF treatment. 

Numbers of extracellularly identified proteins significantly regulated (p < 0.05, t-test paired by individual) in all, 

male or female bFGF treated compared to 16h starved cells. 
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The 39 proteins altered in the supernatants of all, male, and female cells after bFGF treatment 

compared to 16h starved cells did not show any sex-specific different alterations. The number of 

proteins regulated in the supernatants of only male or female cells yielded no functional enrichment.  

Upon bFGF treatment 33 proteins showed sex-specific different extracellular levels, of which 

TFPI2 and complement component C8 beta chain (C8B) were the only proteins with an extracellular 

function (data not shown). The sexual dimorphism of TFPI2 and UBA1 was also observed in the 

supernatants of VEGF treated and 16h starved cells (Table 3.17 and Table 3.26).  

The rather divergent effect of the growth factors on the intracellular proteome could, in parts, 

also be observed for extracellular proteins, but to a lower extent. The fundamental question of a sex-

specific impact could also be positively answered regardless of the proteins location, although the 

starvation conditions had a greater impact than the sex. Whether proteins were affected both intra- 

and extracellularly will be the subject of the next chapter. 

3.3.6.5 Comparison of intra- and extracellular proteins altered by growth factors 

As described in 3.3.5.7 (Table 3.18) the combinations of intra- and extracellular protein 

alterations have different underlying mechanisms. Remarkably, upon VEGF treatment, levels of most 

of the proteins exhibiting intra- and extracellular alterations were extracellularly decreased, whereas 

under starvation the majority was increased (compare Table 3.18 with Table 3.27). The combination 

of alterations due to VEGF treatment in all, only male, or only female samples is illustrated in Table 

3.27. Only 14 proteins were altered in both compartments in only male or female cells. 131 proteins 

were commonly altered intra- and extracellularly, of which 91 were also observed after a separate 

analysis of male and female cells. 
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Table 3.27 VEGF induced protein alterations per sample group and mechanism. 

Numbers of proteins significantly altered (p < 0.05, t-test paired by individual) in VEGF treated cells in 

comparison to 16 h starved cells in both intra- and extracellular samples in all (A), only male (M) or only female 

(F) cells. 
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The most interesting proteins were those accumulated in the supernatants, especially of male 

or female cells (upper part of Table 3.27), which exert an extracellular function and are shown in Table 

3.28. Most of the proteins are components of the extracellular matrix or the plasma membrane.  
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Table 3.28 Proteins with intra- and extracellular alterations after VEGF or bFGF treatment. 

Proteins with an extracellular function significantly altered (p < 0.05, t-test paired by individual) in VEGF or bFGF 

treated cells in comparison to 16h starved cells in both intra- and extracellular samples of all, male, or female 

cells. Significant values are in bold. 

   ALL MALE FEMALE 

Accession Description Gene INTRA EXTRA INTRA EXTRA INTRA EXTRA 

         

Altered by VEGF        

Synthesis + Secretion        

Q9NQ30 Endothelial cell-specific molecule 1 ESM1 3.34 2.90 2.80 2.51 4.10 3.38 

P48307 Tissue factor pathway inhibitor 2 TFPI2 1.52 1.47 1.38 1.44 1.66 1.50 

P50281 Matrix metalloproteinase-14 MMP14 1.28 1.49 1.29 1.37 1.27 1.62 

P09486 SPARC SPARC 1.15 1.16 1.12 1.14 1.18 1.17 

Q9H8L6 Multimerin-2 MMRN2 1.39 1.75 1.34 1.64 1.44 2.00 

Q12841 Follistatin-related protein 1 FSTL1 1.25 1.17 1.30 1.10 1.14 1.24 

P08572 Collagen alpha-2(IV) chain COL4A2 1.19 1.53 1.04 1.14 1.36 1.96 

         

Secretion without Synthesis        

P04275 von Willebrand factor VWF -1.20 1.51 -1.24 1.47 -1.17 1.55 

P02751 Fibronectin FN1 -1.23 1.11 -1.28 1.12 -1.19 1.11 

P98160 
Basement membrane-specific 
heparan sulfate proteoglycan core 
protein 

HSPG2 -1.08 1.05 -1.11 1.05 -1.05 1.05 

P03956 Interstitial collagenase MMP1 -1.07 1.17 -1.05 1.24 -1.09 1.10 

         

Altered by bFGF        

Synthesis + Extracellular degradation        

P07602 Prosaposin PSAP 1.06 -1.08 1.06 -1.19 1.06 1.02 

  

With bFGF only 22 proteins were altered both intra- and extracellularly in all, male, or female 

samples. Levels of all of the male- or female-specific intracellular ones were increased, those of the 

extracellular ones were decreased (data not shown). Here, prosaposin (PSAP) was the only protein 

known to be located in the extracellular region (Table 3.28). 

The only protein with an extracellular function that also showed sexual dimorphisms in the 

intra- and extracellular proteome of both 16h starved and VEGF treated cells was TFPI2. Interestingly, 

the intracellular X-chromosomally encoded UBA1 showed higher levels in female cells in the 

supernatants of all 16h conditions. 
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TFPI2 was chosen as a candidate for validation, because it showed significant sex-specific 

alterations between almost all comparisons and it showed sexual dimorphisms in the cell supernatants 

of all conditions.

3.3.7 Verification of sex-specific differences in the extracellular protein level of TFPI2 

TFPI2 was identified in almost all samples, it exhibited rather high common and sex-specific 

alterations (especially in the culture supernatant) in almost all conditions (Figure 3.47). Only bFGF 

appeared to have no impact as TFPI2 levels were not significantly different between cells grown for 

16 h under starvation without growth factors or with bFGF (data not shown). VEGF, however, had a 

strong effect as it increased TFPI2 levels in both sexes, but even more in females (Figure 3.47). 

 
Figure 3.47 Intra- and extracellular sex-specific TFPI2 intensities. 

Intra- and extracellular log10 MS/MS intensities of TFPI2 in the indicated condition and male (blue) and female 

(orange) cells (*p < 0.05; **p < 0.005; *p < 0.0005; t-test compared by individual for comparison of conditions, 

paired by twin pair for comparison of sex). 

 Experiments with the aim to verify the extracellular sexual dimorphisms exhibited by TFPI2 

were carried out using an ELISA kit precoated with a monoclonal antibody against human TFPI2 (see 

2.4.2). The sexual dimorphisms observed in the extracellular proteome could be observed with the 

ELISA, thereby verifying the results (Figure 3.48). The sex-specific alterations from 5h starved to 16h 

starved to VEGF treated cells could also be confirmed for both sexes. Only the effect of bFGF was 

different between LC-MS/MS and ELISA. Extracellular TFPI2 levels measured with the ELISA were 
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similar in VEGF and bFGF treated cells, and both were significantly different to 16h starved cells (Figure 

3.48). Mass spectrometer analysis showed TFPI2 levels upon bFGF treatment on a similar level 

observed in 16h starved cells and significantly different from VEGF treated cells (Figure 3.48). 

 

Figure 3.48 Extracellular sex-specific dimorphisms and alterations of TFPI2. 

Box plots of extracellular absorption intensities (ELISA, left) or log10 MS/MS intensities (right) according to the 

indicated condition and male (blue) or female (orange) samples are depicted. Significantly different intensities 

are indicated (*p < 0.05, **p < 0.005, ***p < 0.0005, n.s.: p ≥ 0.05, t-tests paired by individual for comparison of 

conditions, paired by twin pair for comparison of sexes). 

Although, in the intracellular proteome, TFPI2 was only sexually dimorph upon VEGF treatment, 

it was sex-specifically regulated between almost all conditions (data not shown).  

Wounding, serum starvation and growth factors affected different proteins, but no particular 

protein groups in general, although slight differences were observed. The wounding effect could not 

be examined as thoroughly as starvation, because the compared samples (basal and non-starved cells) 

were obtained from experiments, which could not be carried out together. Still, the emerging sexual 

dimorphisms in ribosomal proteins are a very intriguing observation.  

Upon starvation and growth factor treatment vigorous changes were observed, but VEGF 

appeared to exhibit a wider impact by affecting more proteins than bFGF. In all comparisons the 

influence of stress and growth factors on proteomic changes was greater than that of the cellular sex. 

Nonetheless, and this also applies for all comparisons, there were proteins that changed only in one 

sex, which would not have been observed using HUVECs from both sexes. Other proteins were 
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changed inversely in male and female cells, which would appear as “not changed” in a mixed sex 

experiment. In general, many differences were small but highly significant, which would not have been 

found without paired analyses, which were enabled by the twin samples. Some of the X-

chromosomally encoded proteins were sexually dimorph across several stress conditions and might 

represent the general difference between male and female HUVECs. Especially the X-chromosomally 

encoded protein UBA1 shall be emphasized, because this protein was ubiquitously dimorph between 

the sexes and might be one promising candidate for the exploration of the molecular mechanisms 

being different between male and female endothelial cells. 
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4 Discussion 

For this work the proteome of cell types commonly inhabiting the human heart was investigated 

in relation to how it was affected by selected cytokine treatment, nutritional and mechanical stress, 

and the cellular sex. In the first part, the composition of proteins in each of the cell types was examined 

and compared. It was not surprising that, of all identified proteins, more than a third (38.9%) were 

identified in all three cell types. This coincides with a study by Geiger et al. comparing 28 mouse tissues 

[153]; the same group also compared eleven human tumor cell lines, in which the percentage of 

common proteins was even higher [154]. Doll et al. investigated the cell-specific proteome of cardiac 

fibroblasts and endothelial cells and revealed that more than 80% of the proteins were common 

between these cell types [155]. All cells – independent of their origin, function, or destination – need 

to produce energy to be able to express their phenotype and react to environmental signals. This is 

reflected by the seven most abundant proteins, and the pathways enriched by those identified in all 

three cell types (Supplemental Table S1 and Figure S1): ACTB and VIM are common structural 

components (reviewed in [156, 157]), GAPDH and ENO1 are elements of the glycolytic energy 

production (reviewed in [158]), PPIA, HSPA8 and HSP90AB1 are necessary for correct protein synthesis 

and turnover [159–161], all of which are common functions in all cell types. The fact that ACTA2, a 

protein used as a marker for smooth muscle cells [162], was found in cardiomyocytes might appear 

surprising, but Eppenberger-Eberhardt et al. also found ACTA2 expressed in cultured rat 

cardiomyocytes [163]. Another expected result was the enrichment of heart development and muscle 

contraction proteins in cardiomyocytes (Figure 3.1), because these cells are responsible for the 

contraction of the heart muscle [18]. Although proteins of heart development might be expected in all 

cardiac cell types, cardiomyocytes are the only cells found in no other tissue, and the used cell line 

was actually taken from (murine) cardiac tissue. In contrast, fibroblasts and endothelial cells inhabit 

different parts of the body and were not isolated from the heart. Interestingly, there were also muscle 

contraction proteins found in both endothelial cells and cardiomyocytes. This can be explained by 

proteins like myosins and troponins that are not only structural components of cardiac myofibrils, the 

molecular structure responsible for muscular contraction, but also common proteins in the 

cytoskeleton of other cell types [164, 165]. Regarding the amounts of proteins in different subcellular 

locations, in general, only small differences were observed between the cell types. A reason for this 

finding might be the analysis of cells separated from their native environment and released from the 

tissue, thereby independent from interaction with other cell types. Proteins that were identified in 

only one cell type might help future investigations to determine the true cell composition of the heart. 
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Doll et al. found 167 and 188 fibroblast- and endothelial cell-specific proteins, respectively [155]. The 

number of cell-specific proteins revealed by the current study is much higher (268 in fibroblasts, 511 

in endothelial cells), but one should emphasize that the cells were isolated from different tissues and 

species. To gain deeper insights, more information regarding the proteins’ isoform, charge, 

modification, activity, binding partners, or its localization is needed.  

A closer look into the cell types was provided by the proteome analyses of cultivated L929 

fibroblast and HL-1 cardiomyocyte tumor cell lines. In order to establish constant workflows, the cell 

numbers that were to be seeded had to be titrated. A number of 10000 cells per well of a 96-well plate 

was determined for both cell lines, which fits to the assays of other groups (L929: [166, 167]; HL-1: 

[168, 169]). Surprisingly, HL-1 cells grown without FCS showed stronger proliferation than with FCS 

(Figure 3.4), but this was also reported for other cell lines from mammary or colon tumors [170]. 

Nevertheless, the cell numbers were in a range in which complete confluence would not be reached 

after 24 hours, so that the probable effect of proliferative agents could be observed. TGFß is one such 

agent and was used as a phenotypic control for fibroblasts, which showed the expected effect 

reported by Daniela Suhr (Figure 3.5, [90]). Cardiomyocytes have only been known to respond to TGFß 

with hypertrophy (Figure 1.5, [89, 171]), and therefore, not unexpectedly, enhanced proliferation 

after TGFß treatment was not observed. The known cytotoxic effect of TNFα could also be observed 

in L929 fibroblasts (Figure 3.6, [75, 102]), but not in HL-1 cells. Due to the mutation of the tumor cell 

line, the typical caspase-related apoptosis pathway might be blocked or compensated by other 

factors. Neither the TGFß nor the TNFα receptors have been identified in the protein extracts of HL-1 

cells, which might be too low abundant for identification, because mRNA transcripts of these receptors 

were screened for and found in L929 and HL-1 cells [149] before the experiments for this thesis. Serum 

starvation might also play a role, because in serum-free conditions HL-1 cells proliferated even faster 

than in serum-containing medium. The results also point to a different composition of receptors or 

mechanisms for the response to cytokines in cardiomyocytes compared to fibroblasts, as 

transcriptome analysis showed that transcript intensities of tumor necrosis factor receptor super 

families 10b, 22 and 23 in L929 cells were more than tenfold higher than in HL-1 cells [149]. The specific 

function of cardiomyocytes, designed for contractility of the heart and maintenance of its pump 

function, might require a more specific signal, other ligand concentrations, or a particular cocktail of 

signal molecules than those used in this study. For future experiments, cytokines with reported effects 

and clear phenotypes on cardiomyocytes should be used for proteomic analyses. These include 
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neuregulin-1 [172], FGF [173], and insulin-like growth factor I [174] for proliferation, or α-catenins 

[175], p38 MAP kinase [176], and H2O2 [177] for growth inhibition. 

The first target cytokine to be investigated in this work was CXCL11 as its myocardial expression 

was found to be associated with the differential response of DCM patients to immunoadsorption 

therapy, an immune modulatory therapy [58]. In this regard, the effect of CXCL11, that is expressed 

and secreted by immune cells, on other cell types was of particular interest. A response of L929 

fibroblasts to CXCL11 treatment in both conducted experiments could only be observed at a 

concentration of 0.1 ng/ml and was accompanied by weak growth inhibition (Figure 3.6). This points 

to an interaction with the receptor isoform CXCR-B, which was reported to exert inhibitory properties 

[151]. The proteomic changes induced by CXCL11 were rather small in number and magnitude with 

only two proteins surpassing a twofold change: PTBP3 was increased more than tenfold and SRSF9 

more than sevenfold. Both proteins are known to participate in the regulation of alternative mRNA 

splicing [178, 179] pointing to a response that required alternative protein variants. This is 

substantiated by the upregulated EIF signaling pathway containing ten ribosomal subunits (Table 3.1). 

Although the highest change of these subunits was only 1.2, it shows the need for a higher protein 

turnover in response to CXCL11. The observation of downregulated Rac signaling could be an 

indication of the mechanism of CXCL11-induced fibroblast growth inhibition. Rac activates Ras which 

leads to proliferation [180, 181]). An inhibition of this pathway, perhaps by the receptor splicing 

variant B of Cxcr3 promoting the dissociation of stimulatory GTP-binding receptors (Gs) and 

subsequent Ras inactivation, might endow growth arrest [182]. The weak signals of CXCR3 in Western 

Blots of L929 cell suspension might explain the low effects. Data of transcripts obtained from L929 

cells collected within the framework of the bachelor’s thesis of Vanessa Ziemann [149] showed that 

all the receptors for CXCL11, namely Cxcr3 and 7 [150], are indeed expressed in these cells, but within 

the lowest 6% to 7.2% of all intensities (data not shown), which could also account for the small effects 

CXCL11 exhibits. The fact that the binding capacities of the CXCR3 isoforms and CXCR7 to CXCL11 are 

affected by one another could have an additional impact [150]. 

IL-6 is a well-known player in inflammation, cardiac remodeling, and fibrosis. The molecular 

mechanisms underlying its diverse effects are still not fully known, which is why its impact on the 

proteome of cardiomyocytes and fibroblasts was one target of this study. Treatment of fibroblasts 

with IL-6 led to a slight increase of proliferation with different concentrations suggesting a general 

response of fibroblasts to this cytokine. However, changes in the proteome of fibroblasts were only 

seen for five proteins involved in different cellular processes and very low magnitudes of alteration as 
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none showed a higher fold change than |1.3|. Additionally, none of these proteins has so far been 

connected to cardiac events. The reason for the weak effects may be small numbers of receptors on 

the cells’ surface, because no subunits of the receptor were detected, but transcripts of those were 

found in L929 fibroblasts [149]. The immortalization and thereby continuous proliferation of the cell 

line should also be taken into account.  

BDNF, as a cytokine assigned to cardiac cell regulation only a few years ago, showed only small 

phenotypic and proteome effects in fibroblasts. A slight increase of proliferation was induced, as 

observed in a variant of NIH 3T3 fibroblasts in need of certain growth factors for survival. Therein, at 

concentrations of about 20 ng/ml BDNF started to induce proliferation in a dose-dependent fashion 

[66], whereas, in the current study, proliferation was only induced at a BDNF concentration of 10 

ng/ml. Proteome analysis revealed a change of the abundance of 12 proteins, four of which were 

downregulated collagens pointing to a remodeling of the ECM surrounding of the fibroblasts, which 

was not reported until now. Although the receptor protein was not identified, its transcript was found 

in L929 fibroblasts within the lowest 1% of all intensities (data not shown, [149]). This might explain 

the low effect. 

TNFα is a widely investigated protein with diverse functions and, most importantly, exerts 

cytotoxic functions on L929 fibroblasts, as described by Oh et al. and Oláh et al., who used 20 or 0.1 

ng/ml for their assays [75, 102]. In this study, a dose-dependent cytotoxic effect could be observed 

starting at a concentration of 0.1 ng/ml. Proteomic changes revealed an increase of apoptosis and the 

sirtuin signaling pathway (Table 3.4). Sirtuins are known for their support of stress resistance [183], 

which is why the corresponding pathway is upregulated, probably in response to the apoptotic signals 

of TNFα. Oláh et al. also reported an increase of oxidants like super oxide in response to TNFα [102], 

which may be the reason for a more than two-fold increase of superoxide dismutase in the current 

study (Supplemental Table S3). Apoptosis leads to the release of a vast amount of intracellular proteins 

due to cell lysis, which might superimpose alterations in extracellular proteins and therefor result in 

no observable changes in the supernatants of TNFα-treated cells in the current study.  

HL-1 cardiomyocytes did not react phenotypically to any of the investigated cytokines above. 

This result was not unexpected, in view of the cytokines used as controls in fibroblasts not showing 

effects on HL-1 cells (Figure 3.10). The reason for this could be inefficient receptor presentation on 

the cells’ surface. Transcripts of receptors for all CXCL11, IL-6, and BDNF were found in HL-1 cells, but 
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with very low intensities [149]. Interestingly, HL-1 cells showed higher proliferation when grown 

without FCS, which points to anti-proliferative agents in the serum.  

Beside fibroblasts and cardiomyocytes, endothelial cells were investigated as they are the third 

major cell type inhabiting the heart. Although human umbilical vein endothelial cells used in this study 

were not isolated from the endocardium, epicardium, or coronary vessels, they are commonly used 

as models for the investigation of cardiovascular mechanisms as they resemble the phenotype of 

native vascular endothelial cells including cell-specific markers, receptors, and signaling pathways 

[109]. Thus, the current study on HUVECs from heterozygous twins should provide additional 

knowledge on the molecular background of the reported sex-specific differences in susceptibility, risk 

factors, and outcome of cardiovascular diseases, in the development of which endothelial dysfunction 

and its triggering agents play an important role (reviewed in [31, 184–186]).  

As a model, endothelial cells were isolated from umbilical cord veins of newborn twins of 

opposite sex. Using these cells for analysis enabled the elimination of the genetic bias present in 

samples that were isolated from non-related subjects. Furthermore, general vitality and behavior of 

HUVECs are affected by the mother’s constitution and lifestyle, which was eliminated in a dizygotic 

newborn twin study as well. 

Almost 20% of all proteins identified in this study were sex-specifically dimorph in at least one 

condition (data not shown). Chen et al. found more than 60% of autosomal genes to be differentially 

expressed between sexes in 31 tissues [187]. The higher number of proteins with higher levels in 

female cells (Figure 3.17A) is in line with the data from other studies, which reported higher expression 

of a higher number of genes in various human female tissues. [187, 188]. Lorenz et al. also reported a 

higher number of mRNA levels in females but also particularly in mRNAs of inflammatory proteins 

[113], but this was not observed in this study. 

Only 15 proteins were sexually dimorph in at least three conditions (Table 3.7). The ones 

encoded on the X chromosome are the most promising candidates for further investigation of their 

transcriptional regulation, because the base of all differences between male and female cells is likely 

to be encrypted there. It seems very clear that hormones have a major impact on sex differences in 

vivo, but these molecules cannot play such a crucial role in vitro due to the same medium used for 

cultivation. Hence, X- and Y-chromosomal gene regulation should be of utmost importance for sex 

differences observed in this setup. It is commonly known that one of the two X chromosomes in female 

cells is inactivated (XCI) to compensate the loss of homologue genes on the male Y chromosome [189] 
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encoding only 87 proteins compared to over 2000 ones on the X chromosome [190]. This should lead 

to equal levels of proteins encoded on the X chromosome in males and females. Some genes, however, 

escape this inactivation. Wilson Sayres et al. reported that the genes escaping inactivation have a 

functioning Y-chromosomal homologue, but there were also cases of XCI without such a homologue. 

This was attributed to evolutionary relics, as XCI seemed to develop after loss of the Y homologue 

[189]. These observations may explain some of the sex-specific differences that were found in the nine 

X-chromosomal proteins of cells cultivated without any kind of stress (“basal”). Higher levels of DDX3X, 

RPS4X, and USP9X were found in female cells, were reported to escape XCI, and have a functioning Y 

homologue (DDX3Y and RPS4Y were identified in males [chapter 3.3.2], [189]). Remarkably, for the 

first time, DDX3Y was found in cells other than in the testis, where this protein was believed to be 

uniquely translated [191]. The Y-homologous genes encoding the other six sex-specific different 

proteins are lost and their different levels could be such a relic, especially UBA1, which showed 

differences in almost all conditions the cells were challenged with, and that both intracellularly and 

extracellularly (Table 3.7). Although this circumstance seems to be a remnant of evolution, it may also 

have a functional aspect as UBA1 was observed to catabolize VEGFR2 and thereby inhibits the cellular 

VEGF response [192]. In contrast, Lorenz et al. found increased VEGF-induced migration of female 

compared to male HUVECs [116].  

Interestingly, three of the proteins encoded by these “lost” genes showed higher levels in male 

cells, thereby refuting the reported observations at least partially. Here, glucose-6-phosphat-

dehydrogenase (G6PD) should be emphasized, which showed consistently higher intracellular levels 

in males throughout all conditions except bFGF treatment (see Table 3.7). G6PD is the rate-limiting 

enzyme in the pentose phosphate cycle and its expression can be induced by heat stress. The pentose 

phosphate cycle produces NADPH, which maintains levels of the antioxidant reduced form of 

glutathione [193], but also induces H2O2 production [194]. Perez-Crespo et al. found higher 

accumulation of H2O2 in male, compared to female, heat-sensitive mice after heat stress. When they 

repressed G6PD the difference diminished [195]. During oxidative stress, activation of G6PD by SIRT2, 

ELP3, or HIF-1 exerts protective effects [196, 197]. The promoter of the G6PD gene is also target of 

transcription factors SP1 and SP3, and sterol regulatory element-binding proteins SREBP-1a, -1c, and 

-2 [198, 199]. All of these activators showed no sex-specific difference in this study. An explanation 

for this phenomenon, however, could be the SREBP proteins: Estrogen is known to inhibit SREBP so 

the higher hormone levels in premenopausal women may lead to lower in vivo expression of G6PD in 

female cells. Cultivation of all cells with the same medium, however, nullified a difference in estrogen 
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levels, if there are any, so yet unknown factors must play an estrogen-independent role in vitro [200]. 

To test this, HUVECs could be treated with levels of estrogen and/or different SREBPs to see if levels 

of G6PD and the sensibility to oxygen stress change. The generally higher levels of G6PD in males 

found in this study support the previous reports and suggest a fundamental difference between males 

and females in the response to oxidative stress that warrants further analyses. 

At basal conditions, the proportions of cellular functions containing proteins with higher levels 

in one sex could hint to different priorities of cellular maintenance. Male cells have higher levels of 

cytoskeletal and junction proteins, while females showed higher levels in cell cycle and gene 

expression proteins (Figure 3.16), suggesting stronger connectivity between male cells, but an 

increased ability of adaptation to sudden environmental changes in females. 

As the observed sex differences in protein levels of cells not challenged by stress were rather 

small, the effects of wounding and starvation were examined to gain insight into the regulations 

driving male and female endothelial function. Stress and other challenges to cell homeostasis are 

faced by a protein turnover to substitute unimportant proteins with those helpful to manage the 

change. Subunits of ribosomes, which are responsible for the translation of mRNA to proteins, were 

decreased after wounding in rabbit fetuses of unknown sex [201]. In a study involving male rat fetuses 

the opposite was observed [202]. In the current study, a direct comparison of untreated, basal cells 

with non-starved wounded ones was impossible, because the experiments were not carried out in 

parallel. However, an analysis of male to female ratios at both conditions revealed higher levels of 22 

ribosomal proteins in female compared to male cells after wounding. This could suggest enhanced 

protein turnover and adaptation to wounding, additionally supported by the predicted activated EIF2 

signaling in female cells. Interestingly, these differences were diminished after short-term starvation 

due to some proteins’ upregulation in males or downregulation in females.  

A range of proteins was changed due to serum starvation, although only by a small degree, with 

protein alterations rarely exceeding two-fold changes, whether after short- or long-term starvation 

(Figure 3.19). Serum starvation, in terms of complete withdrawal of FCS is known to induce apoptosis 

in endothelial cells [203]. In the current study, a concentration of 0.5% FCS was used to avoid apoptosis 

of cells and, additionally, allowing the analysis of proteins in the supernatants. Despite these 

experimental settings, the caspases 3 and 7, known inducers of apoptosis [204], were upregulated 

after starvation. A common starvation response in order to generate energy for survival is the 

upregulation of ß-oxidation and oxidative phosphorylation [205]. These pathways showed the highest 
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changes and oxidative phosphorylation showed increases more than three-fold after short-term and 

more than four-fold after long-term starvation (Table 3.10). This was also reflected by starvation 

induced upregulation of several subunits of cytochrome b and c, and the ATP synthase (Supplemental 

Table S6). Functional analysis of long-term starvation also predicted induced synthesis of cholesterol 

and estrogen (Supplemental Table S7), which is known to be activated by SREBPs due to starvation 

[206]. A degradation of ribosomes due to mTOR inhibition in case of constant starvation [207] was not 

generally observed in the current study, although levels of 11 ribosomal subunits were indeed 

decreased (Supplemental Table S6), but a downregulation of mTOR signaling after serum starvation 

was predicted (Table 3.10).  

Interestingly, a not yet reported decrease of several tubulin levels was observed after short- 

and long-term starvation (Supplemental Table S6) pointing to a vigorous remodeling of the 

cytoskeleton. Most of the affected proteins, however, were either early (after short-term starvation) 

or late (after long-term starvation) regulated. Connective tissue growth factor (CTGF or CCN2) was 

observed as a downregulated intracellular “early protein” and was even further downregulated after 

long-term starvation but only in female cells. CTGF contributes to a secretion cascade and was found 

at high levels in the extracellular space, which might be the reason for its decreased intracellular levels. 

Its levels were even more decreased with VEGF, but only in females, supporting the observations of 

higher VEGF induced migration in females made by Lorenz et al. [116]. This also fits with CTGF being 

a major actor in the adhesion of endothelial cells and supporter of proliferation, migration, and 

angiogenesis [208] and points to a secretion mechanism that helps transporting CTGF outside of 

female cells, while males struggle to do so. 

In the extracellular space starvation induced much stronger differences with more than seven-

fold changes of i.e. PXDN, MMP10, and LAMA4 (Table 3.15), which all have functions in the 

constitution or regulation of the extracellular matrix [46, 209]. 

Separate analysis of the sexes after long-term starvation revealed that a high number of 

proteins found by analysis of male and female cells together (493), were in fact, only regulated in one 

sex (114 in males, 132 in females, Table 3.13). This applied also for alterations of extracellular proteins, 

but the number was not as high (51 in males, 61 in females, Figure 3.29). In addition, proteins without 

common regulation were observed to be regulated in one of the sexes, intra- and extracellularly.  

More than 100 proteins with sex-specific different intracellular levels were observed in 5h and 

16h starved cells. The ribosomal and translational initiation factor subunits with higher levels in 5h 
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starved females point to an enhanced protein turnover and faster response to the environmental 

stress in females than in men. These differences were diminished in 16h starved cells, wherein no 

particular enrichment of cellular functions was observed. Interestingly, only ten proteins were sexually 

dimorph and five of these were X-chromosomally encoded, which, again, suggests an involvement of 

XCI in the sex-specific differences. 

In the supernatants of 5h and 16h starved cells only 24 and 31 proteins were sexually dimorph, 

respectively, but in relation to all identified proteins the number is similar to the intracellular one. 

Remarkably, only four proteins with an extracellular function showed sex-specific different levels in 

the supernatants of starved cells. The matrix metalloproteinases MMP10 and MMP14 were identified 

in only few 5h starved samples, but in almost all samples of the long-term starved cells. These proteins 

have a positive impact on migration by depositing components of the extracellular matrix [210–212], 

but their activation mechanisms and their targets are different [213]. Interestingly, MMP10 showed 

higher levels in females, while MMP14 was found with higher male levels, which suggests different 

mechanisms of extracellular matrix remodeling in male and female cells. 

When blood vessels are wounded endothelial cells migrate into the void to close the wound and 

reestablish homeostasis of the vessel wall. VEGF and bFGF evoke vast changes in cellular motility and 

proliferation and are beneficial to the endothelial migration properties [129, 130]. A study conducted 

by Lorenz et al. discovered that VEGF induced higher gap closure after wounding in female cells 

compared to males, and, additionally, higher ATP levels in females but higher mitochondrial 

respiration in males after VEGF treatment [116]. This points to differences in the energy maintenance 

between the sexes, but the affected mechanisms are still not fully understood. This is why HUVECs 

were treated with VEGF and bFGF in addition to serum starvation, to determine proteomic changes 

and further elucidate the impact of the cellular sex in endothelial function.  

Here, VEGF generally affected a much higher number of intracellular proteins (596) than bFGF 

(207, Figure 3.31). VEGF was predicted as a negative regulator of oxidative phosphorylation due to the 

lower levels of nine subunits of the mitochondrial electron transport chain detected in the presence 

of the growth factor. This was not observed before, but could be in line with VEGF enhancing tumor 

progression and proliferation [214], in which a switch from oxidative phosphorylation to glycolysis as 

the source of energy was reported [215]. As VEGF is an inducer of migration, the activation of such 

pathways was expected but was not confirmed by the proteomic data.  
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The results of the work of Pawlowska et al., who performed 2D gel electrophoresis analysis of 

starved cells and reported increased intensities for 82 proteins after VEGF treatment could only partly 

be confirmed by this study. Hereby, it should be emphasized that Pawlowska et al. did not declare of 

what sex the HUVECs have been. This would have been of importance as, in the current study, a few 

proteins appear to be regulated only in one sex, although in most cases the protein showed the same 

tendency in the other sex, but narrowly missed the threshold (data not shown). The fact that they 

found DSP to be increased with VEGF, whereas, in the current study, it was only decreased early and 

later increased due to starvation only in females (Figure 3.22) points to enhanced desmosome 

reestablishment after starvation as DSP is a prominent member of these cell-cell-junction structures 

[216].  

Of greater importance for the elucidation of VEGF induced migration, were the extracellular 

proteins affected by VEGF treatment. Proteins with an extracellular function were upregulated with 

VEGF, including collagens, matrix metalloproteinases and growth factors, which suggests extensive 

remodeling of the ECM to enable migration. As mentioned previously, Lorenz et al. found that VEGF 

induces stronger migration in female than in male HUVECs after wounding [116]. Thus, sex-specific 

regulation or levels of ECM proteins in VEGF treated cells were expected, as these would be promising 

candidates for a positive influence on migration. Indeed, such proteins were found and some of them 

will be further discussed.  

MMP10 was already observed with higher female levels in the supernatants of serum starved 

cells, where it was identified in more long-term starved cells, indicating a faster stress response of 

female than male cells. Increased MMP10 levels upon VEGF treatment have been reported by 

different groups for HUVECs of unknown sex [212, 217]. In the current study, VEGF induced an increase 

of extracellular MMP10 levels, but only in male cells. Nevertheless, levels of MMP10 were still higher 

in female cells. This could hint to VEGF supported enhanced male adaptation to the environmental 

stress slowly joining up to the level of females. 

Endothelin-1 (EDN1) induces migration and angiogenesis in endothelial cells and is an widely 

investigated vasoconstrictor [218]. It is intertwined in a network with the vasodilator nitric oxide (NO) 

and thereby involved in the regulation of endothelial function [219]. The production of NO is catalyzed 

by the endothelial nitric oxide synthase (NOS3) [220]. EDN1 was reported to increase the activity of 

endothelial nitric oxide synthase (NOS3), which increases NO production and in turn, inhibits the 

activity of EDN1 (reviewed in [219]). Steinberg et al. reported stronger endothelium-dependent 
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vasodilation in women than in men resulting from higher rates of NO release [108]. Cattaneo et al. 

observed higher NOS3 mRNA and protein levels in female cells, and, by inhibiting NOS3 activity, 

migratory properties of HUVECs were only affected in females [111]. These results pointing to a more 

efficiently working NO synthesis in women, or an impaired one in men using other pathways to 

manage angiogenesis. The higher VEGF-induced extracellular EDN1 levels in females support this 

assumption. In addition, although NOS3 and one of its transcription factors, NF-κB [221], showed no 

sex-specific differences, NOS3 showed a significant shift towards higher levels in female cells after 

wounding (non-starved cells) compared to basal cells (Supplemental Table S5). In non-starved and 5h 

starved cells, NOS3 showed higher levels in females, but did not meet the significance threshold (p < 

0.05). In contrast, NOSIP, an inhibitor of NOS3 [222], showed significantly higher levels in female than 

in male non-starved cells (data not shown). This fits to the predicted upregulation of nitric oxide and 

reactive oxygen species by functional analysis of extracellular VEGF-affected proteins (see 3.3.6.3). 

The differences in ATP levels and mitochondrial respiration reported by Lorenz et al. [116] could 

not be explained or confirmed on the proteome level. However, the observations made in this study 

suggest a strong involvement of VEGF in sex-specific differences of endothelial function and point to 

disparate networks regulating extracellular matrix modulation and nitric oxide signaling. 

bFGF was also reported to enhance cell migration [223], which could be confirmed by the 

functional analysis of bFGF-induced common proteomic changes. bFGF is also known to activate the 

PI3K/AKT and the phospholipase C pathway of signaling [224], which was predicted in male and female 

cells of this study, as was cardiac hypertrophy signaling (Supplemental Table S19). However, although 

bFGF exerted a much smaller impact on intra- and extracellular proteomic differences compared to 

VEGF, sex-specific different intracellular levels of bFGF treated cells were observed for various 

proteins with different functions. Most interestingly, eight ribosomal subunits and four translation 

initiation factors showed higher levels in female cells, which, again, suggests an enhanced protein turn 

over in female cells.  

In the supernatants, only 93 intracellular proteins were affected by both growth factors, 

including coatamer subunits, splicing factors and proteins with an extracellular function, rendering 

them probable general targets of growth factors. Interestingly, the VEGF- and bFGF-induced 

upregulation of endothelial cell specific molecule-1 (ESM1), an angiogenesis and tumor progression 

factor, was reported earlier [225], but the current study showed that VEGF induced ESM upregulation 

in both sexes, whereas bFGF affected only male cells.  



DISCUSSION 

 

 

110 

Suprabasin (SBSN) is another interesting protein as it showed higher male levels when treated 

with VEGF but higher female levels upon bFGF treatment, which has not been previously reported. 

SBSN is a marker of endothelial tumor cells and, as it is upregulated in those compared to normal 

endothelial cells, supports proliferation [226, 227]. VEGF and bFGF induced a slight increase and 

decrease of SBSN mRNA in these tumor cells, respectively, but the differences were not significant 

[226]. These observations warrant further investigation of this protein regarding sex-specific 

difference in the development of tumors. 

Remarkably, the extracellular levels of proteins with an actual intracellular localization 

decreased due to VEGF and bFGF treatment, pointing to enhanced vitality and diminished cell lysis in 

the presence of the growth factors.  

Proteomic studies regarding the effect of VEGF and bFGF had not yet been undertaken with the 

extent of this study. The similarities and differences of the effects these growth factors have on the 

proteome of male and female endothelial cells are new and lay foundation for future experiments. 

Several proteins are of high interest and their regulations are in need of further investigation. 

In all these considerations and comparisons one protein stood out and shall be discussed in 

more detail: Tissue factor pathway inhibitor 2 (TFPI2) showed a trend to higher intracellular levels in 

females in non-starved and 5h starved cells, which was amplified by a short-term starvation-induced 

increase in female TFPI2 levels, but the differences were only close to significant. Long-term starvation 

led to stronger upregulation in males than in females diminishing the beforehand observed difference, 

but VEGF treatment induced an increase in both sexes leading to significantly different levels. Here, 

stress seemed to instantly induce TFPI2 synthesis to a certain level in females, which is later also 

reached by male cells, but enhanced by VEGF. In the examined supernatants, TFPI2 levels were 

different between males and females, also upregulated after long-term starvation, and enhanced by 

VEGF. ELISA data confirmed these results, which point to a faster response of female cells to stress 

regarding (i) the synthesis of necessary proteins and (ii) their secretion. 

TFPI2 has been closely linked to angiogenesis and metastasis (reviewed in [228]), shows anti-

coagulent properties [229], and is crucial for cardiogenesis in zebrafish [230]. Ghilardi et al. discovered 

that, in tumors TFPI2 is degraded by trypsinogen-4, thereby keeping it from its property of inhibiting 

serine proteases, which cleave extracellular matrix remodeling matrix metalloproteases into their 

active form, indicating a protective mechanism of TFPI2 against aberrant angiogenesis [231, 232]. The 

activating promoter region of TFPI2 contains binding sites for different factors, but the crucial ones 
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were reported to be NFκB, EGR-1, SP1, and NF1, whereas AP-1 is a negative factor [233]. In the current 

study, subunits of AP-1 were observed to be upregulated only in males after VEGF treatment (AP1S1) 

or only in females in presence of VEGF or bFGF (AP1G1, data not shown). These observations indicate 

TFPI2-driven inhibition of further increasing proliferation in some kind of feedback mechanism that is 

working faster in female cells, and an involvement of the negative transcription factor AP-1. TFPI2 

showed higher levels in the placenta of pregnant women, which points to another hormone-

dependent way of modulation [234]. 

The observations made in this study let one assume that there are several cellular mechanisms 

that are different between males and females, albeit with only small magnitudes of changes in protein 

levels. A separate examination of the sexes in future experiments should be established as a standard 

approach to these investigations, to avoid erroneous assumptions due to the impact of the cellular 

sex, that was unambiguously demonstrated here. In the current study, known facts could be 

confirmed (X-chromosomal proteins with higher levels in females due to XCI) but were also questioned 

(X-chromosomal proteins with higher levels in male cells). A range of proteins was discovered to be 

affected by wounding, serum starvation, and growth factor treatment, and in many cases additionally 

different between males and females. DDX3Y was for the first time reported to be expressed outside 

of the testis, and with UBA1 a probable remnant of evolution was found that might play a role in sex-

specific regulations. There are many factors that point to hormone-dependent sex-specific differences 

that are established, but should not have such an influence on cells cultivated in the exact same 

conditions.  

In the end, by creating a database as a source of information, this study can help future 

investigations towards unravelling the mechanisms controlling endothelial function. 
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Abbreviations 

A. dest.  aqua destillata 
ABC  ammonium bicarbonate 
ACN  acetonitrile 
APS  ammonium persulfate 
ATP  adenosine triphosphate 
BCA  bicinchoninic acid 
BSA  bovine serum albumin 
CVD  cardiovascular disease 
DCM  dilative cardiomyopathy 
DMSO  dimethyl sulfoxide 
DNA  desoxyribonucleic acid 
DTT  dithiothreitol 
ECM  extracellular matrix 
EDTA  ethylenediaminetetraacetic acid 
ELISA  enzyme-linked immunosorbent assay 
et al.  et alia  
FCS  fetal calf serum 
H2O2  hydrogen peroxide 
HCl  hydrogen chloride 
HUVEC  human umbilical vein endothelial cell 
IAA  iodoacetamide 
KCl  potassium chloride 
KH2PO4  potassium dihydrogen phosphate 
MEM  minimum essential medium 
MMP  matrix metalloprotease 
MS  mass spectrometry 
NaCl  sodium chloride 
NADH  reduced nicotinamide adenine dinucleotide  
NADPH  reduced nicotinamide adenine dinucleotide phosphate 
NaH2PO2 sodium dihydrogen phosphate 
NaOH  sodium hydroxide 
NO  nitric oxide 
PAGE  polyacrylamid gel electrophoresis 
PBS  phosphate buffered saline 
PVDF  polyvinylidene difluoride 
RNA  ribonucleic acid 
SDS  sodium dodecyl sulfate 
TBS  tris buffered saline 
TCA  trichloroacetic acid 
TE  tris/EDTA 
TEMED  tetramethylethylenediamine 
UPLC  ultra performance liquid chromatography 
UT  Urea/Thiourea 
XCI  X chromosome inactivation 
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Supplemental Material 

Supplemental Data Synapt Method  
Used parameters for absolute quantification of cell lines. See chapter 2.6 of manuscript. 
 
Supplemental Data IsoQuant 
Used parameters and IsoQuant workflow for protein identification. See chapter 2.7 of manuscript. 
 
Supplemental Data MaxQuant  
Used parameters and MaxQuant v1.5.3.8 workflow for protein identification. See chapter 2.7 of 
manuscript.  
 
Supplemental Data Refiner (human) 
Used parameters and Genedata Refiner v10.0.3 workflow for protein identification. See chapter 2.7 
of manuscript.  
 
Supplemental Data Refiner (murine) 
Used parameters and Genedata Refiner v10.0.3 workflow for protein identification. See chapter 2.7 
of manuscript. 
 
Supplemental Figure S1. Enrichment of proteins identified in all cell lines. 
Proteins identified in all three cell lines and enriched in Gene Ontology biological processes. 
 
Supplemental Table S1. Ranking of identified proteins.      
Proteins were ranked by the intensity within each cell line (columns three to five). Each protein’s ranks 
were averaged and again ranked per identification category (last column). For reasons of simplicity 
human gene names are displayed. When not available, mouse genes are displayed (*).  
 
Supplemental Table S2. Significant CXCL11 induced changes.   . 
Proteins with significantly different levels (p < 0.05) after CXCL11 treatment compared to untreated 
controls. FC = Fold change. 
 
Supplemental Table S3. Significant TNFα induced intracellular changes.    
Proteins with significantly different levels (p < 0.05) in 3 technical replicates each of two biological 
replicates after TNFα treatment compared to untreated controls. FC = Fold change (average of two 
experiments). 
 
Supplemental Table S4. Functional categorization of significant sex-specific proteins in basal cells. 
Proteins with significantly higher levels (p < 0.05, paired by twin pair) in male (upper table) or female 
(lower table) cells are shown. Significant fold differences and sex chromosome-specific proteins ("X" 
and "Y") are displayed. *only identified in male cells. 
 
Supplemental Table S5. Functional categorization of proteins with sex-specific different levels in 
non-starved cells.       
Fold differences (>1: higher in males; <1: higher in females) of proteins with sex-specific different 
levels in non-starved cells or significantly different ratios in non-starved compared to basal cells. Sex-
chromosomal ("X" and "Y") encoding is indicated. Significant values (p < 0.05, t-test paired by twin 
pair) are in bold. *less than 4 paired values.       
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Supplemental Table S6. Proteins regulated upon serum starvation.     
Proteins significantly regulated (q < 0.05, t-test paired by individual) in 5h or 16h starved compared to 
non-starved cells. Significant values are in bold.     
 
Supplemental Table S7. Functional analysis of regulated proteins after serum starvation. 
Pathways, regulators, and functions that were predicted to be affected by serum starvation analysed 
with IPA and corresponding positive activation/negative inhibition z-scores are shown as well as 
targeted or involved significantly regulated proteins (p < 0.05, t-test paired by individual).  
 
Supplemental Table S8. Common intracellular early or late regulated proteins.  
Significant values (q < 0.05, t-test paired by individual) are in bold. 
    
Supplemental Table S9. Sex-specific regulation after short term serum starvation.   
Proteins significantly (p < 0.05) regulated in 5h starved compared to non-starved cells in all samples 
and also in male and/or female samples. Significant fold changes are written in bold. Significant 
differences between male- and female-specific fold changes are written in italic. *less than 4 paired 
values.  
 
Supplemental Table S10. Sex-specific regulation of after long term serum starvation.  
Proteins significantly (p < 0.05) regulated in 16h starved compared to 5h starved cells in all samples 
and also in male and/or female samples. Significant fold changes are written in bold. Significant 
differences between male- and female-specific fold changes are written in italic. *less than 4 paired 
values. 
 
Supplemental Table S11. Sex-specific influence on intracellular regulation after short term 
starvation. 
Intracellular proteins with sex-specific different protein levels in non-starved or 5h starved cells with 
or without non sex-specific, or male-, or female-specific regulation from non-starved to 5h starved 
cells. Significant (p < 0.05) fold changes (5h starved/non-starved) or differences (m/f) are written in 
bold. Significant differences between two values are written in italic. *less than 4 paired values 
       
Supplemental Table S12. Sex-specific influence on intracellular regulation after long term 
starvation. 
Intracellular proteins with sex-specific different protein levels in 5h or 16h starved cells with or without 
non sex-specific, or male-, or female-specific regulation from 5h to 16h starved cells are shown. 
Significant (p < 0.05) fold changes (16h starved/5h starved) or fold differences (m/f) are written in 
bold. Significant differences between two values are written in italic. *less than 4 paired values.
        
Supplemental Table S13. Extracellular proteins significantly regulated after long term serum 
starvation.    
Fold changes and functional categories of extracellularly identified proteins regulated significantly 
after long term compared to short term starvation (p < 0.05, t-test paired by individual) are shown.
    
Supplemental Table S14. Sex-specific extracellular regulation after long term starvation.  
Proteins significantly (p < 0.05) regulated in the supernatants of 5h starved compared to non-starved 
cells in all samples and also in male and/or female samples. Significant fold changes are written in 
bold. Significant differences between male- and female-specific fold changes are written in italic. *less 
than 4 paired values.      
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Supplemental Table S15. Sex-specific different extracellular protein levels upon starvation. 
Proteins with significant sex-specific different extracellular protein levels (p < 0.05, t-test paired by 
twin pair) in 5h and 16h starved cells. Fold differences (m/f) are shown.    
            
Supplemental Table S16. Intra- and extracellular regulation after long term starvation.  
Proteins with both intra- and extracellular non sex-specific, or male-, or female-specific regulation 
from 5h to 16h starved cells. Significant fold changes (p < 0.05, t-test paired by individual) are written 
in bold. *less than 4 paired values.         
           
Supplemental Table S17. Intracellular proteins regulated by growth factors. 
Intracellular proteins with significant regulation after growth factor treatment compared to long term 
starvation and corresponding fold changes are shown. Significant (p < 0.05, t-test paired by individual) 
values compared to 16h starved cells are in bold. *less than 4 paired values.   
  
Supplemental Table S18. Functional analyses of intracellular growth factor regulated proteins. 
Pathways, regulators, and functions of proteins significantly (p < 0.05, t-test paired by individual) 
affected by VEGF or bFGF compared to long term starvation analyzed with IPA and corresponding 
positive activation/negative inhibition z-scores are shown.   
       
Supplemental Table S19. Canonical pathways regulated in bFGF treated male and female cells. 
Canonical pathways of proteins significantly (p < 0.05, t-test paired by individual) affected by bFGF 
compared to long term starvation analyzed with IPA and corresponding positive activation/negative 
inhibition z-scores are shown.   
   
Supplemental Table S20. Intracellular proteins with differential sex-specific regulation due to 
growth factor treatment.       
Fold changes of intracellular proteins with significantly different regulations (p < 0.05, t-test paired by 
individual) between VEGF and bFGF treatment compared to long term starvation in male or female 
cells are shown.       
       
Supplemental Table S21. Extracellular proteins with levels altered by growth factors.   
Extracellular proteins with significantly different levels after growth factor treatment compared to 
long term starvation and corresponding fold changes are shown. Significant (p < 0.05, t-test paired by 
individual) values compared to 16h starved cells are in bold. *less than 4 paired values.  
       
Supplemental Table S22. Canonical pathways regulated in VEGF treated male and female cells. 
Canonical pathways of proteins from male or female supernatants significantly (p < 0.05, t-test paired 
by individual) affected by VEGF compared to long term starvation analyzed with IPA and 
corresponding positive activation/negative inhibition z-scores are shown.    
 
Supplemental Table S23. Proteins with sexual dimorphisms in the supernatants of 16h conditions 
and sex-specific alteration due to growth factors.       
Extracellular proteins that showed significant sexual dimorphisms in 16h starved and/or growth factor 
treated cells and with sex-specific regulation (p < 0.05, t-test paired by individual for comparison 
between conditions, paired by twin pair for comparison between sexes) are shown. Fold changes per 
comparison are depicted with significant values in bold.     
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