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Abstract

:

The liver plays a pivotal role in whole-body carbohydrate, lipid, and protein metabolism. One of the key regulators of glucose and lipid metabolism are hepatokines, which are found among the liver secreted proteins, defined as liver secretome. To elucidate the composition of the human liver secretome and identify hepatokines in primary human hepatocytes (PHH), we conducted comprehensive protein profiling on conditioned medium (CM) of PHH. Secretome profiling using liquid chromatography-electrospray ionization tandem mass spectrometry (LC-MS/MS) identified 691 potential hepatokines in PHH. Subsequently, pathway analysis assigned these proteins to acute phase response, coagulation, and complement system pathways. The secretome of PHH was compared to the secreted proteins of the liver hepatoma cell line HepG2. Although the secretome of PHH and HepG2 cells show a high overlap, the HepG2 secretome rather mirrors the fetal liver with some cancer characteristics. Collectively, our study represents one of the most comprehensive secretome profiling approaches for PHH, allowing new insights into the composition of the secretome derived from primary human material, and points out strength and weakness of using HepG2 cell secretome as a model for the analysis of the human liver secretome.
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1. Introduction


The liver is the central organ for carbohydrate, lipid, and protein metabolism, which are tightly interconnected with each other [1]. Protein synthesis has a major impact on hepatic glucose homeostasis [2]. In addition to producing intracellular proteins, hepatocytes are also responsible for generating and secreting most of the plasma proteins [1]. The hepatic secretome defines all proteins, which are produced and secreted by the liver. To study the metabolic functions of the human liver, several in vitro approaches have been established. Forty years ago, liver cells were isolated from patients with hepatic tumors, and these tumor cell lines like HepG2 and Hep3B served as exclusive models, which were easy to sustain and study [3,4]. Although tumor cell lines reflect some aspects of the adult human liver [5], they do not mirror numerous liver functions. HepG2 cells do not express the transcripts of many cytochrome P450 subunits (like CYP2C9, CYP2E1, and CYP3A4) and other enzymes (like bile salt export pump and organic anion transporter), which are involved in drug and bile acid metabolism, respectively [6]. Furthermore, HepG2 cells show altered lipid metabolism, and they carry the homozygous variant rs738409 of patatin-like phospholipase domain-containing protein 3 (PNPLA3) gene [7], the variant which is strongly associated with hepatic steatosis [8]. These results encouraged the development of new model systems, which reflect better the metabolic functions of the human liver. Isolated primary human hepatocytes (PHH) [9] are considered as the gold standard for in vitro hepatocyte function [10] and have many advantages compared to tumor cell lines. PHH express relevant hepatic enzymes [6,11] and, upon stimulus, these cells can accumulate and secrete triacylglycerols [7,12]. On the other hand, the rare occasion of liver surgeries from eligible patients and the possible dedifferentiation of PHH during long term culture conditions [13] limit the routine application of PHH. Recent research data emphasized the endocrine function of the liver since it releases specific proteins called hepatokines [14]. Similar to adipokines and myokines [15,16,17], these hepatokines are attributed to play a central role within the crosstalk between organs [18]. Modulations of these complex hepatokine signatures are hypothesized to participate in the development of metabolic diseases [14], which requires a detailed analysis of the hepatokine containing secretome (hepatokinome).



Our aims were (i.) to characterize the secretome of PHH by high-resolution mass spectrometry and (ii.) to compare the secretome of PHH with the secreted proteins of HepG2 cells. Although the intracellular protein composition of PHH has been described [10,13,19], according to our knowledge, there is no such comprehensive data on the secreted protein profile originated from PHH. Here, we used unbiased protein profiling by liquid chromatography-tandem mass spectrometry (LC-MS/MS), which has been, previously, successfully applied to identify the secretome profile of primary human adipocytes, including the exosomal fraction [16,20] and skeletal muscle cells [17,20], respectively.




2. Materials and Methods


2.1. Materials


Chemicals and solutions were purchased from Sigma-Aldrich (Munich, Germany) and Lonza (Cologne, Germany) unless otherwise stated.




2.2. Human Liver Samples


Liver samples were obtained from patients who underwent liver surgeries. Indications for the surgery were a hepatic hemangioma, curative resection of hepatic metastases of colorectal malignancies, or hepatocellular carcinoma. Liver samples were taken from normal, non-diseased tissue during surgery. Informed, written consent was obtained from all participants, and the Ethics Committee of the University of Tübingen approved the protocol (368/2012BO2) according to the Declaration of Helsinki.




2.3. Cell Culture


Primary human hepatocytes (PHH) were isolated after surgery by a two-step EDTA/collagenase perfusion technique, as described previously, with the following modifications. To minimize proteolytic enzyme activities during the isolation, the collagenase solution was mixed 1 to 1 with the perfusion solution II [21]. To stop the collagenase digestion, a solution with 20% fetal bovine serum (FBS) in phosphate-buffered saline (PBS) was used. PHH were seeded at 500,000 cells/wells density on rat-tail collagen-coated 12-well plates and cultivated in Williams Medium E (Pan-Biotech, Aidenbach, Germany) containing 10% FBS (Biochrom/Merck, Berlin, Germany), 11 mM glucose (Thermo Fisher Scientific, Darmstadt, Germany), 2 mM glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin, 1 mM pyruvate, 1% non-essential amino acids, 0.8 µg/mL hydrocortisone (Pfizer, Berlin, Germany), and 50 µU/mL insulin (Sigma-Aldrich) [22]. HepG2 cells were cultivated in RPMI-1640 media with 10% FBS, as published previously [23]. Since the presence of FBS could interfere with the proteomics measurements, fresh media without FBS was given to the cells, and 20 h later, the condition media (supernatant) was collected. The conditioned media were centrifuged for five minutes at 800 g at 4 °C to discard cell debris. The supernatants were frozen at −80 °C. Four independent samples were collected from PHH and HepG2 cells, respectively.




2.4. Liquid Chromatography Coupled to Tandem Mass Spectrometry (LC-MS/MS)


Proteins of cell culture supernatant (secretome) were concentrated with 3K Amicon Ultra columns (Merck Millipore, Darmstadt, Germany) [17], and protein concentration was determined using Nanodrop (ThermoFisher Scientific). Ten micrograms of total protein were loaded onto SDS-PAGE (10% polyacrylamide, a separation distance of 0.5 cm), stained with Coomassie blue, and protein bands were cut out and digested in-gel with trypsin [24]. Resulting peptides were separated by reversed-phase liquid chromatography (EASY-Spray C18 column, ES803; ID: 75 µm, 50 cm length; ThermoFisher Scientific) using an Ultimate 3000 system (ThermoFisher Scientific). Elution was performed using a linear gradient 4–34% buffer B (0.1% formic acid, 80% acetonitrile (v/v)) for 100 min, followed by a 20 min increase to 50% buffer B, a 1 min increase to 90% buffer B, and a 10 min wash with buffer B at a flow rate of 300 nL/min. Tandem mass spectrometry was performed on an Orbitrap Fusion™ Lumos™ Tribrid™ mass spectrometer (ThermoFisher Scientific) utilizing data-dependent (DDA) MS/MS scan method. Each 3 s of the complete run full scan spectra were acquired with AGC Target values 4.0e5, in the 350–1600 (m/z) scan range with a maximum injection time of 50 ms and a resolution of 120,000. Fragmentation of precursor ions, with an intensity threshold of 2.5e4 and a charge state between 2–7, were performed by higher-energy C-trap dissociation (HCD). Dynamic exclusion was set to 30 s to avoid repeated sequencing of identical peptides.




2.5. Analysis of LC-MS/MS Data


MS raw data were processed using MaxQuant 1.6.5.0 [25] with the standard contaminant list of the software. Reviewed human (Taxonomy ID 9606, 20,417 proteins) and bovine (Taxonomy ID 9913, 6006 proteins) FASTA files (downloaded on the 8 April 2019) were used as search databases. Peptide intensities were combined on protein level as majority protein identifiers, and at least two unique and/or razor peptides were used for protein identification and quantification. False discovery rate (FDR) for protein identification was set as <0.01. For protein identification, “matching among runs” were allowed. Human contaminants and “non-human” proteins were discarded except albumin. Proteins with the biased origin, which could belong to bovine as well as to human, were kept and marked in the results as possible contaminants due to the uncertain origin of these proteins. For quantification, MaxQuant-generated intensity-based absolute quantification (iBAQ) values and relative iBAQ (riBAQ) values were applied [26]. Proteins, which showed at least three iBAQ values out of four replicates in PHH (1647 proteins) or HepG2 samples (1739 proteins), were further analyzed. To assign proteins as putative secretory protein, and thus potential hepatokine, identified protein sequences were further analyzed by SignalP 4.1 (http://www.cbs.dtu.dk/services/SignalP/), predicting a signal peptide (SP+), or SecretomeP 2.0 (http://www.cbs.dtu.dk/services/SecretomeP/), (NNscore cut-off: 0.5) predicting non-classical secretory proteins without signal peptide (SP−) [17,27,28]. Proteins, which did not pass the SP+/SP− algorithms, are marked as “non-secretory” proteins (NP). As human plasma database, Peptide Atlas (http://www.peptideatlas.org/) was applied using human plasma (20190320-024847) non-glyco 2017-04 database. Pathway enrichment analysis was performed with g:Profiler (https://biit.cs.ut.ee/gprofiler), which is a web server for functional enrichment, as it was reported previously [29]. Briefly, the secreted 691 PHH and 745 HepG2 proteins were used separately as input sequences and loaded into g: Profiler. In advanced options, Benjamini-Hochberg FDR correction was used with the significance threshold p < 0.05. Selected significant Kyoto encyclopedia of genes and genomes term (KEGG) and biological process gene ontology (GO) terms are shown.





3. Results


To characterize the secretome of primary human hepatocytes (PHH), the condition media were collected and subjected to liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) (Figure 1).



Using LC-MS/MS, 1647 proteins were consistently identified in the condition media of PHH (Table S1). From these proteins, 691 proteins were detected as potentially secreted (with or without signal peptide: SP+ or SP−, respectively) using SignalP and Secretome P algorithms. To determine the proportion of these secreted proteins related to the complete secretome, relative iBAQ (riBAQ) values were calculated (Table S2). Knowledge-based pathway analysis revealed that these putative secreted proteins were involved in acute phase response, coagulation, and complement system (Table 1). Furthermore, pathways for carbohydrate, lipid, and protein metabolism were also significantly enriched among these secreted proteins (Table 1).



The first 50 PHH secreted proteins with the highest riBAQ abundance are shown in Table 2 and Figure 2A. These 50 highest abundant proteins represent 76.9% of total PHH secreted proteins.



In the secretome of HepG2 cells, 1739 proteins were consistently identified (Table S1). SignalP and Secretome P algorithms detected 745 potentially secreted proteins, for which riBAQ values were calculated. The first 50 proteins with the highest riBAQ abundance are shown in Table 3 and Figure 2B, whereas the complete data set for HepG2 cells is depicted in Table S3. These 50 highest abundant proteins represent 86.1% of total HepG2 secreted proteins. Specific proteins for PHH and HepG2 cells are shown in Table S4.



From the both top 50 secreted PHH and top 50 secreted HepG2 proteins, 48 proteins (96%) have been already identified in human plasma (Peptide Atlas). Comparing the top 50 secreted proteins of PHH and HepG2 cells, 22 proteins (marked in bold in Table 2 and Table 3) were common. From the top 50 PHH list, 48 proteins (96%) were found among the 745 HepG2 proteins, whereas from the top 50 HepG2 list, 48 proteins (96%) were found among the 691 PHH proteins. C-reactive protein and Serum amyloid A-1 protein were only found in PHH samples, whereas Glypican-3 and Gastricsin were only detected in HepG2 cells (marked underlined in Table 2 and Table 3). These results suggest that the secretome of HepG2 cells mainly resembles the secreted protein profile of PHH; however, major differences also exist between them.



To compare the function of the PHH and HepG2 secreted proteins, KEGG pathway analysis was performed. Analyzing the 691 PHH secreted and 745 HepG2 secreted proteins separately, we observed that several liver pathways were significantly enriched in both data sets like cholesterol metabolism, complement and coagulation cascades, and amino acid pathways (Table 4, upper table). On the other hand, glycosphingolipid biosynthesis was only enriched in HepG2 secretome, whereas specific amino acid pathways (arginine, proline, and alanine metabolism), as well as fatty acid degradation pathway, were only enriched in the secretome of PHH (Table 4, upper table). To study whether these pathways are also reflected among the proteins, which are specific for PHH (64 proteins) or HepG2 cells (101 proteins) (Table S4), new KEGG pathway analyses were accomplished with these PHH and HepG2 specific data sets separately. These analyses confirmed the former results that the specific PHH secreted proteins were significantly enriched in amino acid and ketone bodies pathways, which were not enriched in the specific secreted proteins of HepG2 cells (Table 4, lower table). The glycosphingolipid biosynthesis pathway was, however, significantly enriched in HepG2 secretome, which was not enriched among the secreted PHH proteins (Table 4, lower table). These data suggest that although the secretome of PHH and HepG2 cells show some similarities, they are not identical. Compared to HepG2 cells, PHH is probably better equipped for amino acid and fatty acid metabolism.




4. Discussion


In the liver, protein and glucose metabolism are intimately connected since amino acids serve as precursors for gluconeogenesis [2]. Furthermore, the liver secretes key molecules, the hepatokines, which regulate lipid and glucose homeostasis in the liver and also in skeletal muscle and other tissues [30]. Therefore, it is inevitable to determine the secreted proteins (secretome), which are produced by primary human hepatocytes. In contrast to the intracellular milieu, the measurement of the secretome is limited due to the low signal to noise ratio, making the detection of low-abundance proteins difficult against the highly abundant serum-containing proteins [31,32]. To overcome these challenges, we applied our well-established mass spectrometry-based profiling approach for tissue-specific secretomes [16,17,20]. Utilizing label-free LC-MS/MS and bioinformatics filter methods, from 1647 proteins, 691 were identified in the secretome of PHH as putative secreted liver proteins. To enable reliable comparison and calculation of relative protein intensities (iBAQ values), in the PHH iBAQ protein list, only those proteins were included, for which the iBAQ values could be calculated for at least three out of four biological replicates. In our study, we focused on proteins exhibiting a signal peptide (SP+) or showing sequence features for non-classical secretion (SP−). Nevertheless, there is a growing body of evidence that proteins frequently assigned as “non-secretory” (NP) play an important role in the global cellular secretome [16] and do not necessarily represent contaminations. It was shown that the complex intercellular communication is also mediated by extracellular vesicles, responsible for the unconventional secretion of proteins [33,34].



Using 2D-PAGE and shotgun proteomics, Slany and colleagues previously identified 72 proteins in the condition media of PHH [35]. From these proteins, 36 were found in the 691 possibly secreted PHH protein list representing 5% of 691 proteins. Among the secreted PHH proteins in our study, we found several previously described hepatokines, which showed metabolic functions in rodents and cell lines [30]. These hepatokines are Fetuin-A, Sex hormone-binding globulin, Angiopoietin-related protein 4, Retinol-binding protein 4, and Selenoprotein P, which, however, were not identified in the condition media of PHH in the study of Slany et al. except Fetuin-A [35]. In a recent study, the secretome of the human liver hepatocolangiocarcinoma HepaRG cell line, which was isolated from a patient with hepatitis C infection, was described [36]. One should note that although HepaRG cells express many drug-metabolizing enzymes [37], they show abnormal karyotypic alterations, probably due to the cancer characteristics [6]. In the secretome of HepaRG cells, 313 proteins were identified, and four out of the five previously mentioned hepatokines were also present among them [36]. From the 691 PHH secreted proteins identified in our study, 163 proteins were detected in the secretome of HepaRG, which indicates that 76% of the PHH secreted proteins have not been described yet.



In addition to the secreted PHH proteins, we also compared the PHH secretome with the secreted protein profile of hepatoma cell line HepG2. Since the majority of proteins were common in both PHH and HepG2 secretome, these data indicate that the secreted proteome show many similarities between PHH and HepG2 cells, as it was previously shown for the intracellular proteome [10]. This was also confirmed by pathway analysis (Table 4, upper panel), which showed that lipid metabolism, complement and coagulation pathways, and valine, leucine, and isoleucine amino acid metabolic pathways were enriched among the secreted proteins of PHH and HepG2 cells. On the other hand, some fatty acid and amino acid metabolism pathways were only enriched in the secretome of PHH (Table 4, upper panel).



As an indirect comparison of PHH and HepG2 secretome, we further analyzed specific proteins, which were only detected in PHH or HepG2 supernatants. Our results revealed 64 PHH and 101 HepG2 specific proteins (Table S4). KEGG pathway analysis of these specific proteins demonstrated that the secreted proteins of PHH showed enrichment in specific fatty acid and amino acid pathways, which was not detected in HepG2 samples (Table 4, lower panel). These results suggest that PHH are probably better equipped for amino acid and fatty acid metabolism. Our data also showed that the acute phase proteins, C-reactive protein (CRP) and Serum amyloid A-1 protein (SAA1), belong to the top 50 PHH secreted proteins; however, they were lacking in the secretome of HepG2 cells (Table S1). The lack of CRP production in HepG2 cells may be explained by the more immature hepatic status of HepG2 cells, which is in agreement with the observation that preterm newborns compared to term newborns show lower CRP response [38]. The protein SAA1 was reported in the intracellular proteome of PHH but was not detected in HepG2 cells [36]. These results indicate that HepG2 cells show altered expression or secretion of acute-phase proteins. We also found that from the top 50 HepG2 secreted proteins, Gastricsin and Glypican-3 were not detected in the secretome of PHH (Table S1). Gastricsin was recently postulated to play a tumorigenesis role in the progression of hepatocellular carcinoma (HCC) [39]. Glypican-3 is among the most promising candidates for early diagnostic markers of HCC [40]. Furthermore, two other proteins—Midkine and Vascular endothelial growth factor A—which were implicated in the development of HCC, were also exclusively expressed in HepG2 secretome (Table S1). All these four proteins were also observed to be specific for the secreted proteins of HepG2 cells and missing in the secretome of PHH by a previous study [35] validating our data. Among the HepG2 specific secreted proteins, the glycosphingolipid biosynthesis pathway was significantly enriched (Table 4, lower panel). Glycosphingolipid metabolism was shown to be altered in many cancers, and glycosphingolipid synthesis inhibition is considered as a potential therapeutic target for HCC [41]. These results suggest that the HepG2 secretome shows characteristics for cancer metabolism, which was not found in the secretome of PHH. Furthermore, Rowe and colleagues investigated the intracellular proteome of human primary fetal and adult hepatocytes, as well as HepG2 cells, and the authors found that many protein changes of HepG2 cells compared with adult hepatocytes were reflected by parallel alterations in the comparison of fetal hepatocytes—adult hepatocytes [10]. These results indicate that HepG2 cells, in terms of protein composition, rather resemble fetal than adult hepatocytes.



Some of the former proteomics studies performed a quantitative comparison of intracellular proteins between PHH and HepG2 cells [10,19,36]. In our study, we applied label-free quantification and calculated iBAQ values, which are used for the estimation of protein content in relation to total proteins in one sample, but they are not routinely applied for the quantification of one protein between two biological samples [26]. Therefore, we generated two independent lists for the PHH and HepG2 cells secreted proteins and did not compare iBAQ values directly between PHH and HepG2 samples. If we build iBAQ ratios for the individual proteins as PHH average iBAQ/HepG2 average iBAQ, then some previously described quantitative differences in the intracellular protein composition between PHH and HepG2 cells could be reflected by the iBAQ ratios of secreted proteins. For example, the intracellular protein levels for Liver carboxylesterase 1, 2-iminobutanoate/2-iminopropanoate deaminase and Alcohol dehydrogenase 6 were higher in PHH compared to HepG2 cells [10,19], which were also observed in the secretomes of our study as positive PHH average iBAQ/HepG2 average iBAQ ratios (Table S1). These results may suggest that some aspects of the quantitative intracellular differences between PHH and HepG2 cells could be reflected by the secretome.



Altogether our data first provide a comprehensive description of the secretome derived from PHH, which mirrors many metabolic processes, relevant for the adult liver function. The provided protein catalog allows new insights into the complexity of the hepatokinome and paves the way to select new targets for further analysis of inter-organ communication. Secondly, the comparison of PHH and HepG2 cells secretome shows a high overlap. Nevertheless, in detail, the secretome of HepG2 cells rather reflects the fetal liver with special cancer characteristics, which has to be considered, when HepG2 cells are used as a model for secretome studies.
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Figure 1. Flow-chart work scheme. Primary human hepatocytes (PHH) were isolated from four human donors. FBS-free condition media were collected from PHH, as well as HepG2 cells, and samples were loaded onto SDS-PAGE, and proteins were in-gel digested. Peptides were separated and measured with liquid chromatography coupled to tandem mass spectrometry. Data were analyzed with MaxQuant. 
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Figure 2. (A) PHH (primary human hepatocytes) riBAQ (relative intensity-based absolute quantification) list—top 50 proteins. In PHH samples, 691 secreted proteins were identified and quantified, from which riBAQ could be calculated using MaxQuant for at least three out of four replicates. (A) shows the top 50 proteins with the highest riBAQ values, average values of the replicates and protein names are shown in Table 2. (B) HepG2 riBAQ list—top 50 proteins. In HepG2 samples, 745 secreted proteins were identified and quantified, from which riBAQ could be calculated using MaxQuant for at least three out of four replicates. (B) shows the top 50 proteins with the highest riBAQ values, average values of the replicates and protein names are shown in Table 3. Heat maps show log2 data. 
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Table 1. Pathway enrichment of PHH secretome.
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	Term ID
	Term Name
	adj. p-Value





	GO:0006956
	complement activation
	<0.0001



	GO:0006958
	complement activation, classical pathway
	<0.0001



	GO:0006957
	complement activation, alternative pathway
	<0.0001



	GO:0007596
	blood coagulation
	<0.0001



	GO:0007597
	blood coagulation, intrinsic pathway
	<0.0001



	GO:0072378
	blood coagulation, fibrin clot formation
	<0.0001



	GO:0042730
	fibrinolysis
	<0.0001



	GO:0006953
	acute-phase response
	<0.0001



	GO:0002526
	acute inflammatory response
	<0.0001



	GO:0019538
	protein metabolic process
	<0.0001



	GO:0051246
	regulation of protein metabolic process
	<0.0001



	GO:1901605
	alpha-amino acid metabolic process
	<0.0001



	GO:1901135
	carbohydrate derivative metabolic process
	<0.0001



	GO:0006629
	lipid metabolic process
	<0.0001



	GO:0097006
	regulation of plasma lipoprotein particle levels
	<0.0001



	GO:0034369
	plasma lipoprotein particle remodeling
	<0.0001







The 691 secreted proteins identified in the primary human hepatocytes (PHH) secretome were subjected to pathway analysis usin