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Highlights
· LC-MS/MS-based phosphoproteomics deciphers 11,12-EET signaling networks
· 11,12-EET affects proteins involved in processes like RNA splicing and translation regulation
· 11,12-EET acutely activates the hepatic mTOR/p70S6K signaling pathway
· DNA damage response signaling is modulated by 11,12-EET treatment
Abstract
Epoxyeicosatrienoic acids (EETs) are potent lipid mediators with well-established effects in vascular tissues. Recent studies indicated an emerging role of these eicosanoids in metabolic diseases and the EET signaling pathway was shown to be involved in hepatic insulin sensitivity. However, compared to vascular tissues, there is only limited knowledge about the underlying signaling pathways in the liver. Therefore, we employed an LC-MS/MS-based time-resolved phosphoproteomics approach to characterize 11,12-EET-mediated signaling events in the liver cell line Hepa 1-6.
11,12-EET treatment resulted in the time-dependent regulation of phosphopeptides involved in processes as yet unknown to be affected by EETs, including RNA processing, splicing and translation regulation. Pathway analysis combined with western blot-based validation revealed enhanced AKT/mTOR/p70S6K signaling as demonstrated by increased acute phosphorylation of AKT (Ser473) and p70S6K (Thr389). In addition, 11,12-EET treatment led to differential regulation of phosphopeptides including important mediators of the DNA damage response and we observed a prolonged induction of the etoposide-induced DNA damage marker γH2AX in response to 11,12-EET.
In summary, our findings extend current knowledge of 11,12-EET signaling events and emphasize the importance of the AKT/mTOR/p70S6K pathway in hepatic 11,12-EET signaling. Based on the results presented in this study, we furthermore propose a novel role of EET signaling in the regulation of the DNA damage response.
1. Introduction
[bookmark: _CTVP001620d7ae29eb74692b6f7baf42cd20133][bookmark: _CTVP0011601e7188ba94fa59fefd945415fb975][bookmark: _CTVP0018b07b4eab69245dd8b2eac758231b8e6][bookmark: _CTVP0012c33ba59072f4cbb874095682432bc67]Epoxyeicosatrienoic acids (EETs) are potent bioactive lipids generated from arachidonic acid by the action of cytochrome P450 epoxygenases [1]. While primarily attracting attention for their vasodilatory effects based on the hyperpolarization of smooth muscle cells [2], EETs potently stimulate angiogenesis, trigger anti-inflammatory responses and show anti-apoptotic and mitogenic effects [3]–[7]. This diversity of physiological responses suggests a variety of signaling mechanisms underlying the respective mode of actions. Most of these mechanisms seem to depend on cell type and physiological context and are thought to involve both intra- and extracellular signaling molecules [8].
[bookmark: _CTVP001acf0fbe0d9904f188cbc177d47619062][bookmark: _CTVP0014c949e7c52564c4685ea4db2e8061549][bookmark: _CTVP0018dc3125498f247c684541f4f30464343][bookmark: _CTVP001624be5c4955549dba87addca52829f1a]In this regard, EETs were shown to increase phosphorylation of extracellular signal-regulated kinases (ERK)1/2 and p38 mitogen activated protein (MAP) kinase [9] and to transactivate epidermal growth factor (EGF) receptor [10]. In addition, EETs were found to stimulate protein tyrosine kinases and phosphatases [9] and to activate protein kinase A (PKA) by increasing cAMP [11]; [12]. Latter was associated with the binding of a membrane protein, although the identity of this putative EET receptor is still unknown.
[bookmark: _CTVP00117f1f8fbee4a44d58acc85b74ace77e2]While these observations primarily originate from tissues like the vasculature and kidney, an additional important role of EETs in hepatic insulin resistance and diabetes has begun to emerge in recent years, making the EET degrading soluble epoxide hydrolase (sEH) a promising drug target for cardiovascular and metabolic diseases [13]; [14].
[bookmark: _CTVP0019bc20687820b4ff3b6c3467950fcecfc][bookmark: _CTVP0016a1b8cddc66d4021b93eb540235e7128][bookmark: _CTVP001664f06abef144c80bb7011fe4c37aa41]In order to pharmacologically exploit the hepatic EET pathway and assess potential side effects and adversity, it is important to gain a deeper understanding of the molecular mechanisms which are involved in hepatic EET-mediated effects.  Therefore, investigations addressing EET signaling in the liver are of great interest. So far, studies employing pharmacological inhibition or gene knockout of the EET degrading enzyme sEH have indirectly suggested the involvement of EETs in the stimulation of insulin secretion and improvement of insulin sensitivity and glucose homeostasis [15]; [16].Likewise, epoxygenase overexpression in a mouse model of insulin resistance restored hepatic intracellular signaling as measured by PI3-kinase expression and phosphorylation of AKT, AMPK and ERK1/2 [17]. Similarly, studies using direct EET treatment in hepatocytes showed that EETs act as enhancers of hepatic insulin signaling by increasing AKT phosphorylation in different experimental models of insulin resistance [18]; [19].
[bookmark: _CTVP00108ba67d3035b438fa33b850fb443858f]These studies employed targeted approaches to focus on individual components of EET signaling. In contrast, cellular signaling via protein phosphorylation is comprised of complex and tightly regulated networks which are involved in the control of crucial cellular functions like apoptosis, transcription, protein degradation, cytoskeletal regulation and cell cycle checkpoints. Dysregulation of these networks is a common characteristic of many complex diseases like diabetes and cancer [20]; [21]; [22].
[bookmark: _CTVP00115449a0324f0417ba5bd221b6e38e481][bookmark: _CTVP00150f8fac740c6465db09cf6e03f303f3d][bookmark: _CTVP001d122eaa4e4584fbbb78b45813bb3ce01][bookmark: _CTVP0011394b0cf3600464699d7829eb077ad23]In recent years, LC-MS/MS-based phosphoproteomics in conjunction with specific enrichment strategies like metal oxide affinity chromatography (MOAC) emerged as a powerful tool for the analysis of these phosphorylation-based signaling networks [23]. Despite facing limitations like reduced ionization efficiency of phosphopeptides, the lability of the phosphoester bond during fragmentation and the incomplete coverage of the phosphoproteome due to sample complexity and physicochemical properties of phosphopeptides [24]; [25], phosphoproteomics enables the simultaneous non-targeted identification and quantification of up to tens of thousands of phosphorylated peptides within a single MS experiment [26]–[30]. These characteristics led to the successful application of phosphoproteomics in the study of complex disease biology and the identification of targets for the development of precise pharmacological therapies [31]; [32]; [33].
In contrast, the comprehensive unbiased characterization of EET-induced cellular protein phosphorylation has not been performed before. Especially in light of the emergence of the EET pathway as a pharmacological target, phosphoproteomics shows great potential to advance the understanding of the underlying complex signaling networks and to identify additional more specific targets for pharmacological intervention within the EET pathway.
Therefore, this study aimed to characterize mechanisms of short-term EET signaling in the liver cell line Hepa 16 by using mass spectrometry-based quantitative phosphoproteomics. With this approach, we identified patterns of time-resolved dynamics in phosphosite regulation and associated biological processes. In conjunction with bioinformatic tools, the technique further enabled us to map regulated phosphosites to enriched consensus sequence motifs and to reveal cellular pathways affected by EET treatment.
[bookmark: _CTVP00122838b5076c141cfb9126624099b10c8]Since we previously identified EETs as positive modulators of AKT phosphorylation [19], we moreover complement our phosphoproteomics dataset with the targeted analysis of other components of the insulin signaling pathway by western blotting. Altogether, this study further elucidates EET signaling mechanisms and the influence of EETs on the hepatic insulin signaling pathway up-and downstream of AKT.
2. Materials and Methods
2.1 Cell Culture
Hepa 1-6 cells were obtained from ATCC (ATCC CRL-1830) and cultured in a humidified incubator at 37° C and 5 % CO2 according to the instructions given by ATCC. Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, gibco 41966-029) complemented with fetal bovine serum (FBS, gibco 10500-064) to a final concentration of 10 % (v/v), 100 U/ml penicillin and 100 µg/ml streptomycin (gibco 15140-122). Cultures were tested for mycoplasma using a PCR test kit (PanReac AppliChem A3744). Detailed conditions and performance of treatment with test compounds and cell lysis are described in the respective sections.
2.2 Phosphoproteomic Analysis
2.2.1 Treatment with 11,12-Epoxyeicosatrienoic Acid
For phosphoproteomic analysis, Hepa 1-6 cells were individually seeded in 10 cm dishes at a density of 1.6x106 cells/dish and allowed to attach for at least 24 h. Prior to stimulation with test compounds, cells were washed twice with phosphate buffered saline (PBS, gibco 14190-094) and serum-starved overnight in serum-free DMEM supplemented with 100 U/ml penicillin and 100 µg/ml streptomycin. Serum starvation did not affect cell viability, but slightly reduced growth rates (data not shown).Stock solutions of 11,12-Epoxyeicosatrienoic Acid (11,12-EET, Cayman 50511) were prepared in DMSO and diluted in serum-free DMEM to a final concentration of 1 µM right before treatment was performed for 5, 15 and 30 minutes in four biological replicates. Equal volumes of DMSO served as a solvent control for every time-point.
2.2.2 Cell Lysis
Immediately after treatment, cells were quickly washed twice with ice-cold PBS and harvested by scraping in pre-chilled lysis buffer (8 M Urea, 50 mM NH4HCO3, 1 mM Na3VO4) supplemented with 1 tablet of Complete Mini EDTA-free Protease Inhibitor Cocktail/10 ml (Roche 11836170001) and Phosphatase Inhibitor Cocktail 2 and 3 (1:100 (v/v), Sigma-Aldrich)). Cell debris was removed by centrifugation at 20,000 g for 15 min at 4 °C and an aliquot was taken for determination of protein concentration by BCA assay (Pierce, Thermo Fisher Scientific, 23227). Remaining lysates were snap-frozen in liquid nitrogen and stored at -80 °C until further use.
2.2.3 Protein Digestion and Desalting
400 µg of protein lysates were reduced with dithiothreitol (DTT, Merck 111474) at a final concentration of 5mM for 1 h at 37 °C (shaking). Afterwards, solutions were cooled to room temperature (RT) and cysteine residues were alkylated with iodoacetamide (IAA, Merck 804744) at a final concentration of 10 mM by incubation for 30 min in the dark. Unreacted IAA was quenched for 30 min at RT (shaking) by the addition of DTT to a final concentration of 5 mM.
Protein digestion was performed with 4 µg Lys-C (1:100 (w/w), Wako Chemicals, Neuss) for 4 h at 37 °C. Afterwards, sample solutions were diluted with 50 mM NH4HCO3 to reduce urea concentration to < 2 M and tryptic digestion (4 µg, 1:100, Promega) was performed overnight at 37 °C. 
For the identification of phosphopeptides before enrichment, a 10 µg aliquot of the digest was desalted with Pierce C18 spin columns (Thermo Fisher Scientific, 89870) according to the manufacturer’s instructions. Briefly, samples were acidified with sample buffer (2 % (v/v) trifluoroacetic acid (TFA)/20 % (v/v) acetonitrile (ACN)) to a final concentration of 1 % (v/v) TFA/5 % (v/v) ACN and loaded onto previously conditioned (2x 200 µl ACN (50 % (v/v))) and equilibrated (2x 200 µl TFA (0.5 % (v/v))/ACN (5 % (v/v))) columns. Sample flow-through was recovered and reloaded onto columns, followed by three washing steps with 200 µl TFA (0.5 % (v/v))/ACN (5 % (v/v)) and elution with 2x 20 µl TFA (0.1 % (v/v))/ACN (70 % (v/v)). For all steps, centrifugation was performed at 1,500 g for 1 minute at RT. Eluates were evaporated almost to dryness in a vacuum concentrator (Concentrator plus, Eppendorf) and resuspended in 50 µl TFA (0.5 % (v/v))/ACN (2 % (v/v)) of which 5 µl were subjected to analysis by LC-MS/MS.
The remaining part of each digest was quenched with TFA to a final concentration of 1 % (v/v) and centrifuged at 2,500 g for 5 min at RT. The supernatant was desalted by solid-phase extraction using Sep-Pak C18 cartridges (Sep-Pak tC18, 1 cc Vac (100 mg), Waters), which were previously conditioned (2 ml ACN (100 % (v/v))) and equilibrated (2x 1 ml 0.6 % (v/v) acetic acid). After sample loading, columns were washed twice with 2x 1 ml 0.6 % (v/v) acetic acid and peptides were eluted twice with 350 µl ACN (80 % (v/v))/acetic acid (0.6 % (v/v)) and evaporated almost to dryness (Concentrator plus, Eppendorf).
2.2.4 Phosphopeptide Enrichment
[bookmark: _CTVP0012c22f156780a44d0b30ceb927656cd29]Desalted and concentrated eluates were dissolved in 100 µl loading buffer (80 % (v/v) ACN/6 % (v/v) TFA) and enriched by titanium dioxide (TiO2) chromatography adapted from [34]; [35] with the following modifications:
TiO2 microcolumns were prepared in 20 µl GELoader tips (Eppendorf) plugged with a C8 disk, washed with 20 µl methanol and packed with 500 µg TiO2 (Sachtopore NP, 5µm, 300Å (SNX030S005), Sachtleben Chemie) bead slurry (10 mg/ml in 30 % (v/v) ACN/0.1 % (v/v) TFA). After equilibration with 50 µl loading buffer, the samples were loaded in two steps (50 µl each) and the microcolumns were successively washed with 50 µl loading buffer and 50 µl washing buffer (50 % ACN (v/v)/0.1 % (v/v) TFA).
Enriched phosphopeptides were eluted with 30 µl NH4OH (10 % (v/v)) into 30 µl 20 % formic acid (FA), followed by a second elution with 3 µl 80 % (v/v) ACN/2 % (v/v) FA. All processing steps were performed by centrifugation of the microcolumns at appropriate speed. Samples were further acidified with FA to pH 2 and subjected to analysis by LC-MS/MS.
2.2.5 LC-MS/MS Analysis
Analysis of enriched phosphopeptides was performed on an Ultimate 3000 nano Rapid Separation LC (RSLC) system (Dionex, Sunnyvale, CA) coupled to a Q-Exactive HF mass spectrometer (Thermo Fisher Scientific), equipped with a nano-ESI source.
An injection volume of 16 µl was automatically delivered to a nano trap column (5 mm x 300 μm i.d., packed with 5 μm Acclaim PepMap100 C18 resin, 100 Å pore size (LC Packings, Sunnyvale)) and loaded at a flow rate of 30 µl/min using 0.1 % TFA (v/v) in HPLC-grade water for 5 min. Afterwards, peptides were separated on a reversed phase analytical column (Acquity UPLC M-Class HSS T3 Column, 250 mm × 75 μm i.d., 1.8 μm, 100 Å pore size, Waters) at a constant temperature of 40 °C and eluted with a nonlinear gradient at 250 nl/min flow rate. The gradient was linearly ramped from 7-27 % ACN for 90 min, from 27-41 % ACN for 5 min and from 41-85 % ACN for 5 min and kept isocratic at 85 % ACN for 5 min. The eluent concentration was set back to 5 % ACN within 2 min and equilibrated under this condition for 18 min (all buffers included 0.1 % (v/v) FA).
Mass spectrometric (MS) data was acquired in data-dependent mode on a Q-Exactive HF equipped with a nano-ESI source with spray voltage set to 1.90 kV and capillary temperature of 275 °C.
Full Scan spectra were acquired in positive mode with a resolution of 60,000 at m/z 200 within a mass range of 300-1500 m/z and an AGC target of 3x106 with a maximum ion injection time of 50 ms. Internal calibration was performed with a lock mass of 371.10124 m/z. Based on their intensity in the MS full scan, up to ten precursor ions with charge states 2-8 were isolated within a window of 1.6 m/z and fragmented in the HCD cell with a normalized collision energy of 28 % if they exceeded a minimal ion count of 1x104. 
Resulting fragment ions were analyzed with a resolution of 15,000 at m/z 200 and an AGC target of 1x105 with a maximum ion injection time of 150 ms. Analyzed precursor ions were dynamically excluded for 30s.
For the non-enriched samples, the gradient and mass spectrometric method was slightly modified to meet the needs of the differing sample constitution and abundance:
The LC gradient was linearly ramped from 7-27 %ACN for 80 min, from 27-41 % ACN for 15 min and from 41-85 % ACN for 5 min, followed by an isocratic step at 85 % ACN for 5 min. Within 2 min, the ACN content was reduced to 5 % and kept isocratic for further 18 min (all buffers included 0.1 % (v/v) FA).
Conditions for MS full scans were the same as for the analysis of enriched phosphopeptides, whereas the intensity threshold for fragmentation was set to 2x104 and the maximum ion injection time for fragment ion scans was reduced to 50 ms.
2.2.6 Raw Data Processing and Normalization
[bookmark: _CTVP001ee9ec2b0a0b94a9f9987726d0e9729a7]Mass spectrometric raw data was processed with Progenesis QI for proteomics (Version 3.0, Nonlinear Dynamics, Waters) to perform label-free quantification with pairwise normalization as described in [36]. Reference samples were automatically selected by the software, followed by automatic alignment of data from chromatographic runs with manual adjustment. Features with single or more than seven charges were excluded from further analysis and normalization to all proteins was performed to correct for systematic experimental variation between samples. All processing steps were performed separately for the phospho-enriched and non-enriched fraction of samples.
After alignment and peak picking, MS/MS data were exported in Mascot generic format (mgf) and analyzed with Proteome Discoverer (Version 2.1.1.21, Thermo Fisher Scientific) using the Sequest HT search engine. Spectra were searched against Swiss-Prot mouse database (Release 2017_02) with a precursor mass tolerance of 10 ppm and a fragment mass tolerance of 0.02 Da. Deamidation (N,Q), oxidation (M) and phosphorylation (S,T,Y) were selected as dynamic modifications and carbamidomethylation (C) as static modification. Two missed cleavages were allowed and proteolytic specificity was set to trypsin. Peptide-spectrum matches (PSM) were filtered to < 1 % False Discovery Rate (FDR) based on Percolator q-value, search engine rank 1 and posterior error probability < 0.01. For the confident localization of phosphosites, ptmRS node (Version 2.0, 1.4.5504.43149, run in phosphoRS mode) was implemented in Proteome Discoverer and an Isoform Confidence Probability Filter > 95 % was applied to phospho-PSMs. Filtered identifications were assigned to features in Progenesis QI for proteomics and peptide quantification was performed based on the sum of abundances of phosphopeptide ions with identical sequence and phosphorylation site.
[bookmark: _CTVP00170f1e58ff1684850b28e3c58a25b21c6]The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [37] partner repository with the dataset identifier PXD015245
[bookmark: _CTVP0014194d09350f94d5f8a608fd9101e962e]Normalization of phosphopeptide abundances was performed by calculating pairwise normalization factors as described in [36]. Briefly, both the TiO2-enriched and non-enriched datasets were separately normalized in Progenesis QI based on the “Normalize to all proteins” method and abundances of phosphopeptide ions with identical sequence and phosphorylation sites were summed up separately for both datasets. Phosphopeptides identified in both datasets were used for the calculation of abundance ratios between non-enriched vs. TiO2-enriched sample pairs and the ratios were subsequently normalized to one biological sample. Phosphopeptides were removed from the set of shared peptides if they contained methionine and/or if variance between biological samples exceeded 1.5 times the interquartile range of normalized abundance ratios. Finally, the median of all remaining normalized phosphopeptide abundance ratios was calculated for every biological sample pair and used for normalization of all phosphopeptide abundances in the TiO2-enriched dataset.
2.2.7 Bioinformatic Analyses
[bookmark: _CTVP0011bdee0122fef4b00ae67e0fb6b28a32d]Graphical Proteomics Data Explorer (GProX) was used to identify similar dynamics between regulated phosphopeptides. Ratios of phosphopeptides regulated at least once during the time-course experiment (p < 0.05) were standardized and unsupervised fuzzy c-means (FCM) clustering was performed. FCM is a soft partitioning method which represents an extension of the k-means approach [38]. K-means clustering assigns data points to distinct clusters based on similarities of members within one cluster. Within this hard clustering approach, objects can only belong to one single cluster. In contrast, the soft partitioning algorithm in FCM assigns data points to multiple clusters based on membership values which represent the gradual affiliation to the respective clusters.
Phosphopeptides were filtered to exceed a membership value of 0.5 and classified into six clusters based on 100 iterations.
GO-Terms representing Biological Processes were assigned to the respective identifications based on Swissprot entries (Mus musculus, 2019_01) and significant enrichment of GO-Terms within clusters was identified using binomial statistical testing including Benjamini-Hochberg p-value adjustment (threshold p < 0.05). All non-regulated identifications served as background for enrichment testing (n = 5333).
[bookmark: _CTVP0012785b25cd54f453d9e9360f590125629]The extraction of potentially overrepresented peptide sequence patterns surrounding the phosphorylated residues identified by mass spectrometry was performed with motif-x (motif extractor), a software tool that uses an iterative algorithm which builds successive motifs through comparison to a dynamic statistical background [39].
Significantly upregulated phosphopeptides (p < 0.05) were centered on the phosphorylated amino acid and extended to a total number of 13 characters. IPI Mouse Proteome was used as background. Extracted motifs were required to occur at least 20 times and to meet a significance threshold < 10-6.
Significantly enriched canonical pathways and their potential upstream regulators were identified with the web-based Ingenuity Pathway Analysis (IPA) software application (Version: 46901286, Qiagen). IPA makes use of the manually curated Ingenuity Knowledge Base content to link phosphopeptides to pathways and regulators.
A list of phosphopeptides showing significant regulation (p < 0.05) at least once during the time-course of the experiment was uploaded and “core analysis” was performed. The User Dataset was chosen as a reference set and both direct and indirect relationships in all species were considered for analysis.
2.3 Western Blotting
Hepa 1-6 cells were seeded in 6-well plates at a density of 2.5x105 cells/well or 10 cm dishes at a density of 1.6x106 cells/dish, attached for 24 h and serum-starved overnight (see Section 2.2.1 for details). Treatment was performed as described in the respective sections. After treatment, cells were washed twice with ice-cold PBS and harvested by scraping in pre-cooled RIPA lysis buffer (50 mM TRIS-HCl pH 7.5, 150 mM NaCl, 0.1 % SDS, 0.5 % sodium deoxycholate, 1 % NP-40) supplemented with phosphatase inhibitor cocktails 2 and 3 (1:50 (v/v), Sigma-Aldrich)) and Complete Protease Inhibitor Cocktail (1:25 (v/v) dilution from 1 tablet in 2 ml; Roche 4693116001). Lysates were incubated on ice for 15 min and centrifuged at 10,000 g for 10 min at 4 °C to remove cellular debris. Afterwards, samples were snap-frozen and stored at 80 °C until further use. For the investigation of γH2AX response, lysates were additionally sonicated on ice before centrifugation (5x5s at 40 % amplitude (EpiShear Probe Sonicator, Active Motif)). BCA assay was used for protein quantification (Pierce, Thermo Fisher Scientific, 23227) and 20-25 µg of protein was heated in 1x Laemmli buffer (50 mM Tris (pH 6.8), 1 % SDS, 10 % glycerol, 50 mM β-mercaptoethanol and bromophenol blue) at 80 °C for 5 min. 
Proteins were separated via SDS-PAGE (4–15 % Mini-PROTEAN TGX™ Precast Protein Gels, 4561083, Bio-Rad) at 100-200 V and transferred onto polyvinylidene difluoride (PVDF) membranes in a wet tank blot system (Bio-Rad, 1703930) at 100 V for 40-45 min. Membranes were blocked in 5 % (w/v) blocking grade nonfat dry milk (Bio-Rad, 1706404) in TBS-T (20 mM TRIS-HCl, 150 mM NaCl, 2 mM EDTA, 0.1 % (v/v) Tween-20) for 1 h at RT and subsequently washed two times in TBS-T for 10-15 min. Incubation with primary antibodies was performed in 5 % (w/v) bovine serum albumin (BSA) in TBS-T overnight at 4 °C.
Table 1 shows primary antibodies used for the analysis of phosphorylation status of selected proteins.



[bookmark: _Ref7437895]Table 1: Targets, manufacturer and dilution of primary antibodies for the detection of phosphorylated proteins
	Antibody target
	Site
	Manufacturer
	Product no.
	Dilution

	p-mTOR
	Ser2448
	Cell Signaling Technologies
	#5536
	1:1,000

	p-p70S6K
	Thr389
	Cell Signaling Technologies
	#9205
	1:750

	p-AKT
	Ser473
	Cell Signaling Technologies
	#4060
	1:1,000

	ß-ACTIN
	     -
	Sigma Aldrich
	A5441
	1:25,000

	p-RPS6
	Ser235/236
	Cell Signaling Technologies
	#2211
	1:1,000

	p-4EBP1
	Ser65
	Cell Signaling Technologies
	#9451
	1:1,000

	
	Thr37/46
	Cell Signaling Technologies
	#2855
	1:1,000

	γH2AX
	Ser139
	Cell Signaling Technologies
	#9718
	1:1000



The next day, membranes were washed three times with TBS-T followed by the addition of peroxidase-conjugated secondary antibodies (goat anti-rabbit IgG (111–036–045)/goat anti-mouse IgG (115–036–062) Jackson ImmunoResearch) diluted 1:10,000 in 5 % (w/v) BSA/TBS-T for 1 h at RT. Afterwards, membranes were washed three times with TBS-T and chemiluminescence was detected using ECL Select Detection Reagent (GE Healthcare, RPN2235) on a Fusion FX7 Imager (Vilber Lourmat).
After detection, membranes were washed two times in TBS-T to remove remaining detection reagent and antibodies were stripped off in 2 % sodium dodecyl sulfate (SDS), 100 mM ß-mercaptoethanol and 67.5 mM TRIS (pH 6.7) at 50 °C for 30 min. Stripped membranes were subsequently washed five times in TBS-T and blocked in 5 % (w/v) blocking grade nonfat dry milk in TBS-T for 1 h at RT. Non-phosphorylated proteins were detected by incubation with specific primary antibodies and chemiluminescent imaging as described before.
Primary antibodies used for the detection of total protein abundance are listed in Table 2.



[bookmark: _Ref7438636]Table 2: Targets, manufacturer and dilution of primary antibodies for the detection of total protein abundance
	Antibody target
	Manufacturer
	Product no.
	Dilution

	mTOR
	Cell Signaling Technologies
	#2983
	1:4,000

	p70S6K
	Cell Signaling Technologies
	#2708
	1:1,000

	AKT
	Cell Signaling Technologies
	#4691
	1:1,000

	ß-ACTIN
	Sigma Aldrich
	A5441
	1:25,000

	RPS6
	Cell Signaling Technologies
	#2217
	1:100,000

	4EBP1
	Cell Signaling Technologies
	#9452
	1:1,000

	GAPDH
	Millipore
	MAB374
	1:10,000

	Histone H3 
	abcam
	ab1791
	1:10,000


2.4 Statistics
For the investigation of statistically significant effects of treatments on phosphopeptide abundance (11,12-EET vs. DMSO for every time-point), unpaired two-tailed student’s t-test was performed assuming equal variance. Null hypotheses were rejected at a significance level of p < 0.05.
[bookmark: _CTVP001aaffd78ff328476da235aa4c07c56b57][bookmark: _CTVP001388893c1451c43448ecb240aef8a3c4f]Correction of p-values for multiple hypothesis testing was performed with Significance Analysis of Microarrays (SAM), which was developed to select statistically significantly regulated genes from microarray analyses [40] based on the method for FDR and q-value estimation by Storey et al. [41]. Two class unpaired t-statistics were applied and the delta parameter was adjusted to obtain a median FDR < 10 %. All phosphopeptides with a q-value below 10 % were considered statistically significant.
3. Results
3.1 Characteristics and Regulation of Identified Phosphopeptides
[bookmark: _CTVP0016658b03cf9d44591ada12b84f881c20a]In order to investigate EET-induced time-dependent regulation of the phosphoproteome in liver cells, we treated Hepa1-6 cells with 1 µM 11,12-EET or a solvent control (DMSO) for 5, 15 and 30 minutes and subsequently analyzed phosphopeptides by an LC-MS/MS-based shotgun phosphoproteomics method. The substoichiometric nature of phosphorylated proteins within the proteome necessitated the purification of phosphopeptides from tryptic digests prior to mass spectrometric analysis [25] and was performed with TiO2 affinity chromatography. This approach yielded very specific enrichment as depicted by the high average fraction of phosphopeptides (85.0 %) identified among samples. With our MS intensity-based label-free quantification approach, we identified and quantified 6708 phosphopeptides harboring 6297 distinct phosphosites on 2278 phosphoproteins covering all experimental conditions. The majority of phosphorylation events were found on serine (92.4 %), followed by threonine (7.1 %) and tyrosine (0.5 %) residues (Figure 1A). Identified phosphopeptides were mostly phosphorylated on a single residue which applied for 80.6 %. Doubly and triply phosphorylated peptides represented 17.2 % and 2.3 % of all phosphopeptides, respectively (Figure 1B).
[bookmark: _CTVP00108272103da8142bba758ebd8fb3941ed]To identify significant regulation of phosphopeptides at different time-points in this dataset, we performed an unpaired Student’s t-test (p < 0.05). The extent of regulation after 11,12-EET stimulation is depicted in volcano plots (Figure 1D) and is complemented by Figure 1C which gives a tabular overview on the number of time-dependently regulated phosphopeptides (fold change ≥ 1.5, p < 0.05). We observed an increase in regulated phosphopeptides over time ranging from 199 peptides after 5 minutes to 313 peptides after 15 minutes which was followed by a decrease to 177 significantly regulated phosphopeptides after 30 minutes, suggesting a transient response in phosphorylation to 11,12-EET treatment. Since t-tests were performed for thousands of phosphopeptides in our dataset, correction for multiple hypothesis testing was additionally employed using Significance Analysis of Microarrays (SAM) [40]. SAM plots in Figure 1E show the time-course of regulated phosphopeptides following adjustment of the median FDR < 10 %. All phosphopeptides with their respective fold change, p-values and FDR are listed in Supplementary Table 1.
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[bookmark: _Ref8826788]Figure 1: Characteristics and Regulation of Identified Phosphopeptides A) Bar graph representing quantity and ratio of phospho-serine, -threonine and -tyrosine among phosphosites identified from LC-MS/MS. B) Pie chart depicting the ratio of mono- di- and triply phosphorylated peptides identified from LC-MS/MS. C) Numbers of differentially regulated phosphopeptides (fold change ≥ 1.5 (up- and downregulation), p < 0.05) for every time-point of 11,12-EET treatment. D) Volcano plots depicting significance of regulation versus fold change for phosphopeptides after 11,12-EET treatment compared to DMSO control for every time-point. Horizontal dashed blue line represents p-value cutoff < 0.05 and vertical dashed blue lines illustrate the cutoffs for fold change ≥ 1.5. Upregulated phosphopeptides exceeding the cutoffs for fold change and significance are shown in red and downregulated are colored in green. E) Scatter plot from Significance Analysis of Microarrays (SAM) for every time-point after adjustment of false discovery rate (FDR) < 10 %. Red color indicates significantly upregulated phosphopeptides, downregulated phosphopetides are shown in green.
[bookmark: OLE_LINK4][bookmark: OLE_LINK5][bookmark: OLE_LINK6]3.2 Time-resolved Dynamics of Phosphoproteome and Enrichment of Biological Processes
We next determined common patterns of temporal regulation between significantly changed phosphopeptides (p < 0.05). For this purpose, we employed fuzzy c-means clustering and assigned phosphopeptides to six clusters with distinct temporal profiles (phosphopeptides assigned to clusters are listed in Supplementary Table 1). Based on the progression of phosphopeptide ratios, we could classify clusters showing immediate regulation after 5 minutes (cluster 5 & cluster 6), intermediate/early-to-intermediate regulation (cluster 2 & cluster 3) and constant or long-term regulation (cluster 1 & cluster 4) (Figure 2A). 
[bookmark: _CTVP001873ba17663054a6990e75e5b50627e97]In order to characterize Biological Processes belonging to proteins contained in each cluster, we additionally analyzed the specific enrichment of associated GO-Terms (Figure 2B). Since this study aims to identify short-term signaling events in response to 11,12-EET stimulation, clusters containing phosphopeptides which show a direct increase in phosphorylation are of special interest (cluster 1, 3 and 6). It can be expected that these profiles represent the most proximal stages of signal transduction events and contain proteins which mediate early responses to phosphorylation after 11,12-EET treatment. Strikingly, phosphopeptides reflecting an immediate and transient increase in phosphorylation (cluster 6) showed significant enrichment of RNA-related processes like mRNA processing, regulation of mRNA stability, RNA splicing and mRNA export from nucleus. In addition, we identified enrichment of processes (cellular response to rapamycin and response to amino acid starvation) that are associated with the mammalian target of rapamycin (mTOR) signaling pathway [42]; [43] in cluster 6. Other processes specifically enriched in this cluster were related to the cell cycle (positive regulation of cyclin-dependent protein kinase activity), myosin-light-chain-phosphatase activity, protein ubiquitination and proteasomal degradation. 
Clusters 1 and 3 showed a more sustained up-regulation of phosphopeptides during the course of the experiment. GO-Terms reflecting these trends were associated with eicosanoid metabolism (prostaglandin metabolic process) and transcription (regulation of nucleic acid-templated transcription) (cluster 1) and included cellular response to gamma radiation and vasculature-related processes (coronary vasculature development, positive regulation of vascular associated smooth muscle cell migration) (cluster 3).
On the contrary, phosphopetides which matched to temporal profiles of sustained down-regulation at later time-points (cluster 4) were associated with GO-Terms like response to cAMP and endothelial cell proliferation, whereas terms linked to apoptosis, cell adhesion and lipid metabolism were specifically enriched in a cluster reflecting a more transient decrease in phosphorylation (cluster 5). Biological Processes associated with intermediately down-regulated phosphopeptides (cluster 2) showed only weak enrichment and the related GO-Terms were shared with other temporal profiles, which impeded an evaluation of specific processes represented by proteins contained in this cluster.
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[bookmark: _Ref8827097]Figure 2: Temporal Patterns of Regulation and Associated GO-Terms for Biological Processes A) Fuzzy c-means clustering was performed for all phosphopeptides significantly regulated (p < 0.05) at least once in the time-course of stimulation. Phosphopeptides were grouped to six clusters reflecting early, intermediate and long-term regulation. Assignments of phosphopeptides to clusters were accepted when a membership value of 0.5 was exceeded. B) Enrichment analysis of GO-Terms for Biological Processes overrepresented in the clusters from A). Binomial statistical testing was performed against a background of all non-regulated identifications (n = 5333) and a p-value threshold < 0.05 was applied after Benjamini-Hochberg adjustment. GO-Terms had to occur at least three times to be included in the analysis.
[bookmark: _Ref5036718]3.3 Discovery of 11,12-EET Signaling Pathways, Upstream Regulators and Phosphorylated Sequence Motifs 
Following the identification of temporal regulatory patterns of phosphopeptides and associated Biological Processes, we subsequently investigated signaling pathways potentially underlying the detected processes from Section 3.2. For this purpose, we performed Ingenuity Pathway Analysis (IPA) with abundance ratio data from all phosphopeptides significantly regulated (p < 0.05) at least once during the time-course of 11,12-EET treatment (Figure 3A, Supplementary Table 2).
[bookmark: _CTVP001e809ba2275414df294785af823840d45][bookmark: _CTVP001101a90654a274f7eafc6728b6045379b][bookmark: _CTVP00176525105382a4069bdb20f07c114053c]The analysis revealed that the DNA Double-Strand Break Repair by Homologous Recombination (HR) pathway was most significantly enriched (p = 6.61x10-3) based on the regulated identifications from our dataset. This pathway included proteins involved in the mediation of HR and DNA repair, DNA end joining and the modulation of chromatin constitution in DNA repair synthesis like Breast cancer type 1 susceptibility protein (BRCA1), Transcriptional regulator ATRX and DNA ligase 1 (LIG1) [44]; [45]; [46]. In addition, the DNA damage response (DDR) kinase ataxia-telangiectasia mutated (ATM) was identified with a significant decrease in Ser1987 phosphorylation after 15 minutes. Strikingly, all three proteins of the MRE11-RAD50-NBS1 (MRN) complex were detected in our dataset with significantly regulated phosphopeptides. The MRN complex acts as a sensor of DNA damage and initiator of the DDR and DNA repair processes like homologous recombination (HR) [47]. In this regard, especially the significantly increased (1.40-fold regulation after 5min) Ser648 phosphorylation site on MRE11 is of interest, as it was shown to influence the DDR [48]. Additionally, Cell Cycle: G2/M DNA Damage Checkpoint Regulation (p = 4.37x10-2) was identified as another pathway associated to the maintenance of genome stability and DNA repair. Within this signaling network, ataxia telangiectasia and Rad3-related (ATR) kinase emerged significantly stronger phosphorylated at Ser431 by 11,12-EET treatment after 5 minutes. We also observed downregulation of Ser312 within tumor protein p53 and several phosphopeptides from topoisomerases TOP2A and TOP2B. In addition, we identified a decrease in Ser53 on Cyclin B1 (CCNB1) and increased levels of a peptide doubly phosphorylated at Ser161 and Ser163 on E3 ubiquitin-protein ligase MDM2.
[bookmark: _CTVP0018de8dd117ff04e0eb01848de77492976]Apart from these DNA damage and repair associated pathways, IPA additionally resulted in enrichment of signaling networks which take part in the regulation of vascular tone and signaling in cardiovascular tissues, including Nitric Oxide Signaling in the Cardiovascular System (p = 1.45x10-2) and Hypoxia Signaling in the Cardiovascular System (p = 2.57x10-2), potentially reflecting the role of EETs in vascular tissues [2].
[bookmark: _CTVP00134ad15a2b787415f9d66708f0904d024][bookmark: _CTVP00112029af46025430586be3991f96fb09e][bookmark: _CTVP001e401df28a9734ac989ba9531f2c6b17c]EETs were previously shown to increase the phosphorylation of AKT in liver cells [18]; [19]. In light of these findings, we identified the enrichment of the AKT downstream network p70S6K Signaling (p = 4.68x10-2) in our analysis [49]. This pathway included functional phosphorylation sites on the p70S6K target RPS6 (Ser235/236/240) [50], which were significantly upregulated at all time-points of 11,12-EET treatment (1.43-/1.53-/1.76-fold after 5/15/30 min).
[bookmark: _CTVP0019b6a46de5f734cdfa58ca8d4fb782b19]Additionally, the P2Y Purigenic Receptor Signaling Pathway (p = 4.68x10-2) represented a G-protein coupled receptor network involving targets like RAF1 (Ser244), CREB-binding protein (CREBBP) (Ser120) and the regulatory subunit of cAMP-dependent protein kinase type I-alpha (PRKAR1A). PRKAR1A was phosphorylated in the linker region of the enzyme on Ser77/83 residues which were suggested to exert a regulatory function on PRKAR1A [51].
Our analysis furthermore included the enrichment of pathways related to the activation of transcription (TR/RXR Activation (p = 2.57x10-2), PPARα/RXRα Activation (p = 2.75x10-2)), Estrogen Receptor Signaling (p = 1.78x10-2) and Androgen Signaling (p = 1.45x10-2).
To further drive the discovery of central kinases implicated in the phosphorylation of proteins within enriched pathways from IPA core analysis and EET signaling in general, we additionally made use of the prediction of Upstream Regulators in IPA. Figure 3B depicts the results of predicted regulators, restricted to the term “kinases”: Casein kinase II subunit alpha (CSNK2A1) was most significantly enriched (p = 4.54x10-9) among kinase regulators and yielded a positive z-Score of activation at all time-points, with the strongest activation predicted after 5 minutes (z-Score = 3.842).
In line with the enrichment of Canonical Pathways associated with DNA damage repair in Ingenuity core analysis (Figure 3A), predicted upstream kinase regulators encompass the DDR kinases ATM and ATR. Both kinases were predicted to be activated after 5 minutes as indicated by positive z-Scores (2.954 for ATM and 1.942 for ATR), followed by a predicted inactivation of ATR for all other time-points. ATM was also assigned a negative z-Score at 15 minutes (-2.006) followed by a slightly positive value at 30 minutes (0.379). Similarly, pathway enrichment analysis suggested the involvement of 11,12-EET signaling in the regulation of cell cycle checkpoints. Fitting to this observation, Cyclin-dependent kinase 4 (CDK4) was identified as an upstream regulator together with Cyclin-dependent kinases 1 and 2 (CDK1/CDK2), although the latter kinases were not identified with a significant p-value.
[bookmark: _CTVP001109dc41cf08f429cb5bef509929e90cc]The predicted activation of RPS6KB2 (z-Score = 1.103) is in good correlation to the enrichment of p70S6K Signaling in Canonical Pathway analysis and can be directly connected to increased phosphorylation levels of the RPS6KB2 target RPS6 on Ser235/236/240. Interestingly, although without significant p-value of overlap, the kinase AKT1 was predicted to be activated (z-Score = 2.451) after 5 minutes. Since AKT acts as one of several upstream activators of p70S6K [49], this finding indicates a connection to the observed enrichment of the p70S6K signaling network in our dataset.
[bookmark: _CTVP001eeadb0ef7e674fb3ad5c2898c50d8807]In addition, we found the receptor tyrosine-protein kinase ERBB2, a member of the epidermal growth factor receptor family [52], predicted in an activated state at 5 minutes (z-Score = 1.798) and members of the p38 mitogen-activated protein kinase (MAPK11/MAPK14) and c-Jun N-terminal kinase 3 (MAPK10) predicted to be inactivated at the intermediate and late time-points, although these observations did not reach statistical significance.
We next performed motif-X analysis to determine overrepresented peptide sequence patterns among all significantly upregulated phosphopeptides (p < 0.05). We used this procedure as a complementary approach to gain insight into kinases participating in 11,12-EET signaling by identifying their consensus motifs of phosphorylation. We identified three groups of sequence motifs which could be subdivided into basophilic motifs containing mainly arginine residues in the surrounding of the phosphorylation site, proline-directed sequence patterns and motifs involving acidic amino acids (Figure 3C). 
[bookmark: _CTVP0013155349629d84509985d18d82bcf35a1][bookmark: _CTVP0019f3fd22be5404b6ea4e66d8094824a76][bookmark: _CTVP001e267040739f14915a071c36acbb78aaf][bookmark: _CTVP001d6854420ee7b412683852e8181699ea2]Among basophilic motifs, we observed the RxRxxS motif, which was shown to represent the minimum consensus sequence required for phosphorylation by AKT, RSK and p70S6K. While all three kinases preferentially phosphorylate sequence motifs containing basic residues at n-3 and n-5 position to the phosphorylated residue, RSK and p70S6K were shown to better tolerate lysine residues in these positions than AKT [53]. In addition, we identified the cAMP-dependent protein kinase minimal consensus motif RRxS [54] and the RxxSP motif, which was described to be targeted by serine/arginine protein kinases (SRPK) implicated in splicing [55]. On the contrary, the sequence pattern RSxS corresponds closely to a target sequence required for high affinity 14-3-3 binding (RSxSxP) [56].
[bookmark: _CTVP0011df9237ecf544724be311b853bb4c58b][bookmark: _CTVP001a096c6646e7746719b0ade02c51a1cf4]The proline-containing SP and PxSP motifs were previously shown to be phosphorylated by members of the proline-directed kinases like the MAP kinase family (ERK1/ERK2) and cyclin-dependent kinases (CDKs) [57] [58].
[bookmark: _CTVP0014e735d246c2c4718850d8838f6fc9931]We furthermore observed sequence patterns mainly consisting of the acidic amino acids glutamate and aspartate, which were predominantly enriched in the C-terminal part of the peptide sequences downstream of the phosphorylation site. These included sequences described to be consensus motifs for Casein kinase II (SDxD, SExE, SDxE and general C-terminal localization of acidic residues) [59]; [60]. These observations are in line with the results from the Upstream Regulator analysis, which suggested a role for Casein kinase II in 11,12-EET signaling.
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[bookmark: _Ref8827250]Figure 3: Characterization of the 11,12-EET Signaling Network A) Phosphopeptides differentially regulated at least once in the time-course of 11,12-EET treatment (p < 0.05) were subjected to IPA “Core Analysis” and Canonical Pathways with their respective p-value of enrichment are shown (p-value threshold < 0.05). B) Heatmap representing the predicted activation of Upstream Regulators restricted to “kinases” associated with the regulation of phosphopeptides from IPA “Core Analysis” from A). C) Identification of overrepresented peptide sequences from significantly upregulated phosphopeptides (p < 0.05) using Motif-x. Peptides were centered on the phosphorylated amino acid residue and extended to a total number of 13 characters. IPI Mouse Proteome was used as background. Extracted motifs were required to occur at least 20 times and to meet a significance threshold < 10-6.
3.4 11,12-EET Increases Phosphorylation within AKT and p70S6K Signaling
[bookmark: _CTVP001f6f572a41f5340dcb45afed0d923817a]The results from our phosphoproteomics dataset so far showed accumulating signs of an involvement of the p70S6K network in 11,12-EET signaling. Ingenuity pathway analysis and upstream regulator identification suggested an enrichment of p70S6K signaling and the kinases AKT1 and RPS6KB2. We furthermore discovered the overrepresented RxRxxS motif which is a consensus sequence for phosphorylation by these kinases [53]. In addition, there were several significantly regulated phosphopeptides found in our dataset which give rise to the assumption that these kinases could play a role in 11,12-EET Signaling in liver cells: We observed significant upregulation of Ser235/236/240 (1.43-/1.53-/1.76-fold) on RPS6 at all time-points investigated and a 1.97-fold increase in phosphorylation of Ser184 on AKT1S1. We also identified a slight but significant upregulation of EIF4EBP1 on Ser67/Thr69. Now, we wanted to further explore the acute short-term effect of 11,12-EET treatment on the AKT/p70S6K signaling network in liver cells by western blot-based testing (Figure 4).
[bookmark: _CTVP00102e91ebf717c49649f905bed4c76f6bf]We observed a direct increase in the phosphorylation of Akt (Ser473) after short-term 11,12-EET treatment of the liver cell line Hepa1-6 for 5 minutes and 15 minutes. Afterwards, the signal diminished to a level even below DMSO control after 30 minutes. In addition, as suggested by IPA analysis of the phosphoproteomics results, we noticed a strong increase in the activating phosphorylation site Thr389 on p70S6K after 5 minutes and (albeit to a lesser extent) after 15 minutes, whereas the signal was almost indistinguishable from the control treatment after 30 minutes. Similarly, 11,12-EET treatment slightly enhanced the phosphorylation of the p70S6K target RPS6 at Ser235/236 after 5 and 15 minutes, whereas there was no effect visible at the latest time-point. We additionally investigated the phosphorylation status of another p70S6K target, mTOR [61], and observed a small and transient increase in Ser2448 phosphorylation on this protein. In contrast, 11,12-EET treatment did not seem to affect the phosphorylation of 4EBP1 (Ser64, Thr36/45).
The differential phosphorylation of p70S6K substantiates the direct involvement of this kinase in short term 11,12-EET signaling in the liver cell line Hepa 1-6 as suggested by bioinformatics tools.
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[bookmark: _Ref8917619]Figure 4: Western Blot Validation of 11,12-EET-induced Modulation of AKT and p70S6K Signaling Hepa 1-6 cells were starved overnight and stimulated with 1 µM 11,12-EET or DMSO (control) for 5, 15 and 30 minutes. Immunoblots were performed for p-AKT (Ser473), p-p70S6K (Thr389) and other phosphoproteins of the insulin signaling pathway including RPS6 (Ser235/236), mTOR (Ser2448) and EIF4EBP1 (Ser64 and Thr36/45). Blots show signal intensity after 11,12-EET and DMSO control treatment for every time-point. Core components of the PI3K/AKT pathway are illustrated for visualization of analyzed proteins in the context of insulin signaling. Phosphosites found upregulated in our dataset are shown in blue, while sites identified without regulation are colored in grey. White color indicates sites not found in our dataset.
[bookmark: _CTVP001223f0b8d888b4eaaacbdfd1e9d3608ec][bookmark: _CTVP0014ee20e02b45f4f53bd3b119ea49107b8][bookmark: _CTVP001d66382accbae4b25a746940de5903a91]The Thr389 site on p70S6K is known to be phosphorylated by mTOR complex 1 (mTORC1) and Ser473 on AKT was shown to be a target of mTOR complex 2 (mTORC2) [62] [63]. We therefore hypothesized that 11,12-EET exerted an activating effect on both mTORC1 and mTORC2 and that mTOR signaling was responsible for the observed upregulation in phosphorylation. However, for AKT several other kinases have been implicated in Ser473 phosphorylation as well [64]–[68].
In order to test our hypothesis, we utilized the mTOR inhibitor Torin1 (250 nM) and reanalyzed the phosphorylation status of AKT (Ser473) and p70S6K (Thr389) after 11,12-EET treatment. Insulin, a well-known inducer of mTOR activity, was included in the analysis to test the efficacy of mTOR inhibition. After short-term (10 min) treatment with both 11,12-EET and insulin, we observed an increase in phosphorylation on both phosphosites (Figure 5A). In contrast, 11,12-EET treatment failed to increase phosphorylation levels after pretreatment with Torin1. These results strongly suggest that the observed 11,12-EET-induced phosphorylation of AKT and p70S6K is dependent on mTOR activity.
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[bookmark: _Ref8827608]Figure 5: Analysis of mTOR-dependent Phosphorylation of AKT (Ser473)/p70S6K (Thr389) Mediated by 11,12-EET and γH2AX Time-course after Etoposide Treatment in Response to 11,12-EET or DMSO Pretreatment A) Hepa 1-6 cells were pretreated with the mTOR inhibitor Torin1 (250 nM) or DMSO control for one hour before treatment with 11,12-EET (1 µM), insulin (1 nM) or DMSO (control) was performed for 10 minutes. Immunoblots for p-AKT (Ser473) and p-p70S6K (Thr389) show signal intensity after treatment with the compounds as indicated. B) Pretreatment (PT) with DMSO or 1 µM 11,12-EET was performed for one hour followed by induction of γH2AX Ser139 phosphorylation by one hour etoposide (20 µM) treatment (0h). Cells were washed and the γH2AX response was followed-up for eight hours (2h-8h). Immunoblots show signal intensity for γH2AX (Ser139), GAPDH (loading control) and Histone H3 (nuclear loading control).
IPA pathway analysis revealed the enrichment of a DNA double strand break repair-related pathway in our dataset (section 3.3), which was based on the significant regulation of several functional phosphosites on proteins involved in the response to DNA damage. We therefore investigated a possible effect of 11,12-EET treatment on the DNA damage response (DDR) by monitoring the time-course of phosphorylation of the DNA damage marker γH2AX after induction of DNA strand breaks with etoposide (Figure 5B).
Treatment with etoposide induced an increase in γH2AX following both DMSO and 11,12-EET pretreatment (Figure 5B; 0h). In DMSO pretreated samples, γH2AX intensity subsequently faded over the time-course of follow up (Figure 5B; 0h-8h, DMSO). In contrast, γH2AX intensity remained elevated for up to eight hours following etoposide treatment in 11,12-EET pretreated samples (Figure 5B; 0h-8h; 11,12-EET). In one out of the three replicates under investigation, we observed a time-dependent decrease in histone H3 nuclear loading control intensity simultaneously with γH2AX in DMSO pretreated samples, while the GAPDH control remained unchanged (Supplementary Figure S1). However, we do not expect a primary effect on histone abundance or cellular protein content in general, since this phenomenon did not occur in other replicates and GAPDH content remained stable over the time-course of investigation. It is of additional note that 11,12-EET pretreatment alone did not induce γH2AX compared to the DMSO control pretreatment (Figure 5B; PT). These results indicate an influence of 11,12-EET treatment on the kinetics of the DNA damage response marker yH2AX following the induction of strand breaks and substantiate a potential association between 11,12-EET Signaling and the DNA damage response.
4. Discussion
[bookmark: _CTVP0010a72a9c6b0b046c38f686b3f696954be]EETs act as paracrine and autocrine lipid mediators which modulate cellular signal transmission via protein phosphorylation in different cell types [6]; [8]; [9]. In this study, we employed time-resolved LC-MS/MS-based phosphoproteomics for the comprehensive identification of signaling mediators and pathways involved in acute short-term EET signal transmission in liver cells.
[bookmark: _CTVP0018fa229f1539f48eb8c2beeba74c19d73][bookmark: _CTVP0018945c761633a4bd5921e96b2e4571f06]Our TiO2-based metal oxide affinity chromatography (MOAC) approach enabled the specific enrichment of phosphopeptides from complex cell lysates. TiO2-MOAC was reported to have a tendency towards enrichment of monophosphorylated peptides compared to other enrichment strategies like immobilized metal affinity chromatography (IMAC) [69]; [70]; [71]; [72]. Similarly, monophosphorylated peptides accounted for >80 % of all phosphopeptides in this study. It was previously discussed that the high affinity of TiO2 towards multiply phosphorylated peptides could favor the more efficient elution of monophosphorylated peptides from the material. In addition, suppressed ionization of multiply phosphorylated peptides was described during mass spectrometric detection. Considering the inherent bias of data-dependent acquisition methods towards more abundant peptide species, these factors altogether potentially result in the underrepresentation of multiply phosphorylated peptides in this experimental setting [70]; [73].
[bookmark: _CTVP0019378c5d107f144b1b63ff28fa7b073e0][bookmark: _CTVP0018cd151bc4fdc45099386764af13489e1]When analyzing the distribution of phosphosites among amino acids, we identified >90 % of phosphosites on serine and ~7 % on threonine residues. This observation closely represents original estimates of phosphoamino acid distributions in whole cells [74]. Although the observed ratio of tyrosine sites is one order of magnitude higher than originally estimated (0.5 %), these ratios compare well to generally accepted numbers obtained from more recent mass spectrometric investigations [21]; [27]; [75]; [76].
[bookmark: _CTVP001b09e7465e6004187900a817327c25efb][bookmark: _CTVP0019885ea01a6a640c5b941f67a18e7e978][bookmark: _CTVP0010f7441af633b404ba5d2786b6c013862][bookmark: _CTVP00120516df5fefd492883cb26b64e21be84][bookmark: _CTVP001698023afef434e0a95317947e1f76fb3][bookmark: _CTVP001554ce3e9a69f49559dca93d462d347b8][bookmark: _CTVP00113e0f5bce5de4b1b9849f091f42d5734]EET signaling mechanisms are well studied in the context of vascular tissues, where they are involved in processes like angiogenesis and proliferation [77]; [78]. Given the increasing emergence of the EET pathway as a drug target in metabolic diseases [13], we aimed to reveal EET signaling events in liver cells. Previous in vivo studies in Ephx2-/- knockout mice indicated increased insulin signaling in the liver after pharmacological inhibition or knockout (KO) of the hydrolase [16]. Since Ephx2 is capable of hydrolyzing a range of other lipid epoxides apart from EETs [79], and Ephx2-KO was also shown to increase insulin secretion [15], these effects could not be unequivocally attributed to the direct and sole action of EETs. Other studies investigating the hepatic phosphorylation of AKT in response to longer-term (40-60 min) EET treatment showed that maximum effects required EET pretreatment and were insulin-dependent [19]. Similarly, the modulation of insulin signaling in hepatocytes necessitated prolonged EET pretreatment at exceptionally high doses of 30 µM in combination with insulin co-treatment [18]. Due to the extended (pre-)treatment and insulin-dependence, the potential existence of secondary effects responsible for these observations could not be excluded.
[bookmark: _CTVP0015ea5e90156a54253990018a2a60e2834][bookmark: _CTVP001af350b73c9784641a7e3386f072f64ab][bookmark: _CTVP001c904e504884b464286ab9bd0391de8ac][bookmark: _CTVP00108e42777b86c4c67bdf2ffe1a60f6b0a]In contrast, the fast response in the stimulation of AKT phosphorylation within 5 minutes of acute short-term EET treatment observed in this study points towards a direct EET-mediated mode of activation in liver cells, similar to findings of direct acute AKT phosphorylation following EET treatment in other tissues [80]; [81]. Our results furthermore point towards an extended EET signaling network generated around AKT and p70S6K. We confirmed an increase of the activating Thr389 phosphosite on p70S6K [63] and validated the mTORC-dependence of AKT phosphorylation, which both reflect the EET-dependent activation of the AKT/mTOR/S6K1 network. Increased phosphorylation of other target proteins within this pathway corroborates the relevance of the AKT/mTOR/S6K1 axis in EET signal transduction in liver cells. In line with this, EETs were previously shown to activate the PI3K/AKT/mTOR/S6K1 pathway in endothelial cells in the context of angiogenesis [80], and it seems very likely that the same signaling pathways are utilized by EETs in liver cells as well. The immediate phosphorylation of target proteins potentially supports the action through a transmembrane receptor signaling mechanism. In this regard, several lines of evidence proposed the involvement of a specific transmembrane receptor in EET signaling; although EETs were also shown to transactivate the epidermal growth factor receptor [10]; [11]; [12]; [82].
[bookmark: _CTVP0011bceda042f88485aae8f29146a5d1498]The PI3K/AKT/mTOR pathway is typically implicated in the regulation of cell proliferation, survival and metabolism and concomitant with these effects exerts downstream actions on the regulation of translation and RNA splicing [83]–[87]. Interestingly, we identified an overrepresentation of proteins involved in RNA stability, splicing and processing with a time-course of phosphorylation closely reflecting that of the validated targets within this pathway. This finding could connect EETs to previously unidentified functions in RNA processing, splicing and translation regulation with PI3K/AKT/mTOR acting as a potential candidate pathway for the mediation of these effects.
[bookmark: _CTVP0014f6c5c308dff4a11ab3beb651167eec3][bookmark: _CTVP0010df6134e8b4e435996b0ff644d67e722][bookmark: _CTVP001111a49563c554784a7d40d6a0035b5f2]Pathway analysis of regulated phosphopeptides and western blot experiments conducted within this study suggest a new role for EETs in the modulation of DNA damage response signaling. EETs contain an electrophilic epoxide structure which is prone to react with nucleophilic biological macromolecules like proteins and DNA [88]. A recent study conducted by Funk et al. [89] demonstrated the capability of 11,12-EET to form DNA adducts in vitro. However, the authors concluded that the potency of adduct formation was 40-times lower compared to another endogenous DNA-reactive epoxide (leukotriene A4 (LTA4)) and the concentration range of DNA adduct formation was considered not to be physiologically relevant. In addition, the intracellular fate of EETs is thought to be tightly regulated. EETs are hydrolyzed intracellularly to their corresponding diols by sEH, incorporated into phospholipids and bound by fatty acid binding proteins [90]. Therefore, it is questionable if considerable amounts of free EETs indeed reach the nucleus to directly interact with DNA. Similarly, when investigating the kinetics of γH2AX formation, we did not observe a direct induction of this DNA damage marker after incubation with 11,12-EET alone. 
[bookmark: _CTVP001c444ab1deec547268b80d2e6e556478f][bookmark: _CTVP0015b7ba92d0cf243978ff4c413eaa613a2]However, EETs prolonged the induction of γH2AX in our experiments, which raises the question whether EETs also influence the execution of DNA repair processes downstream of γH2AX and potentially modulate genome stability and the frequency of mutations. Interestingly, recent studies found that activation of growth factor signaling via AKT or the mTOR/S6K pathway impairs the DNA damage response and results in increased genome instability through mechanisms involving different effectors [91]; [92]. On the contrary, the inhibition of mTOR signaling was shown to increase the γH2AX response and downregulate the checkpoint kinase CHK1 [93].
Future studies in this field will clarify in which way EETs affect the DNA damage signaling network and whether the observed γH2AX prolongation elicits downstream functional outcomes.
[bookmark: _CTVP0014a2f1e2da14841a7b46502440ff9983c][bookmark: _CTVP0012d192dcfd106488a95dc4ae95147f4b2][bookmark: _CTVP0016212d5b3757447baa3f0a7b48e715621]EETs are arachidonic acid metabolites generated by the action of CYP epoxygenases [1]. In the context of arachidonic acid metabolism, EETs were shown to negatively regulate the formation of prostaglandin E2 (PGE2) [94]. Our dataset revealed strong and persistent phosphorylation of cytosolic prostaglandin E2 synthase (PTGES3) at both Ser148 and Ser151 in response to 11,12-EET treatment. Although the reduction of PGE2 was previously described as a competitive inhibition of upstream Prostaglandin G/H synthases primarily mediated by 14,15-EET [94], these findings could point to an alternative stage of regulation of prostaglandin metabolism by EETs. The Ser151 site contains several acidic residues downstream of the phosphorylation site and thereby fulfills the consensus motif for CKII phosphorylation, which was also overrepresented in our motif analysis. The activation of CKII by EET treatment has not been described before and the increased phosphorylation of this site on PTGES3 further suggests the involvement of this kinase in EET signaling.
[bookmark: _CTVP00119d3f71808014e17bee39d7433a5b559][bookmark: _CTVP00181f1aaa2957b42349412e180a34443e9][bookmark: _CTVP0011a0b9d379d414945bd21cf1dc4ca9a90][bookmark: _CTVP001948e56251e894c539b15e1d45a0c3a10][bookmark: _CTVP0012f867f8d3af9461ab48f7984fc5f8633]One of the most well-known effects of EETs is the regulation of vascular tone by hyperpolarization of vascular smooth muscle cells, which is regarded to primarily occur through the activation of BKCa channels [95]; [96]; [97]. In addition to this mechanism, it was shown that EETs modulate the RhoA-ROCK-MLCK pathway in endothelial cells and reduce Ca2+ sensitivity in bronchi [98]; [99]; pathways that are known to also regulate contraction of smooth muscles by altering the phosphorylation status of myosin light chain (MLC) and its interaction with actin [100]. In this context, myosin light chain phosphatase (MLCP) induces smooth muscle relaxation by dephosphorylating MLC [101] and the Myosin Phosphatase Target Subunit 1 (MYPT1/PPP1R12A) negatively regulates MLCP activity after phosphorylation at Thr694 and Thr852 [102].
[bookmark: _CTVP001ac9c48318eda42e78f1b1e885f0abf29]Here, we identified downregulation (1.72-fold) of the inhibitory Thr694 site of MYPT1 after 5 minutes which was at the border of significance (p = 0.089) and additionally identified strong persistent upregulation of a doubly phosphorylated peptide at Ser861/870. Although the functional relevance of the upregulated sites is currently unknown, phosphorylation of these sites was shown to be increased after short-term growth hormone (GH) stimulation [103]. In light of these findings, the influence of EETs on MYPT1 and the subsequent regulation of MLC phosphorylation could generate a new layer of complexity of the EET-mediated impact on vascular smooth muscle cell contraction.
5. Conclusion
In this study, we applied an LC-MS/MS-based phosphoproteomics approach to investigate 11,12-EET signaling in liver cells. Our findings substantiate a strong role of the mTOR/p70S6K pathway in hepatic EET signaling and demonstrate the mTOR-dependence of 11,12-EET-mediated AKT phosphorylation. In addition, we discovered the regulation of phosphopeptides potentially associating the action of EETs to processes like RNA processing, translation regulation, prostaglandin metabolism and the regulation of smooth muscle action. Especially the investigation of the detailed role of EETs in novel pathways identified in this work like the DNA damage response creates an important topic of future studies.
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