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Abstract

Multiplexed isobaric tag-based quantitative proteomics and phosphoproteomics strategies can 

comprehensively analyze drug treatments effects on biological systems. Given the role of MEK 

signaling in cancer and MAPK-dependent diseases, we sought to determine if this pathway could 

be inhibited safely by examining the downstream molecular consequences. We used a series of 

TMT10-plex experiments to analyze the effect of two MEK inhibitors (GSK1120212 and 

PD0325901) on three tissues (kidney, liver, and pancreas) from nine mice. We quantified ~6000 

proteins in each tissue, but significant protein level alterations were minimal with inhibitor 

treatment. Of particular interest was kidney tissue, as edema is an adverse effect of these 

inhibitors. From kidney tissue, we enriched phosphopeptides using titanium dioxide (TiO2) and 

quantified 10,562 phosphorylation events. Further analysis by phosphotyrosine (pY) peptide 

immunoprecipitation quantified an additional 592 phosphorylation events. Phosphorylation motif 

analysis revealed that the inhibitors decreased phosphorylation levels of PxSP and SP sites, 

consistent with ERK inhibition. The MEK inhibitors had the greatest decrease on the 

phosphorylation of two proteins, Barttin and Slc12a3, which have roles in ion transport and fluid 

balance. Further studies will provide insight into the effect of these MEK inhibitors with respect to 

edema and other adverse events in mouse models and human patients.
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1. Introduction

Multiplexing strategies are widely applicable to mass spectrometry-based quantitative 

proteomic and phosphoproteomic analyses. Such strategies improve the efficiency of data 

collection resulting in comprehensive and robust datasets. With the advent of isobaric 

tagging [1–3], virtually any protein sample may be labeled and subsequently quantified, 

with the present limitation being the number of available isobaric tags.

MEK inhibitors typically act on the mitogen-activated protein kinase kinase enzymes, 

MEK1 and MEK2, in the Ras/Raf/MEK/ERK signaling pathway. Specifically, when MEK 

is inhibited, cell proliferation is blocked and apoptosis is induced, therefore this class of 

drugs shows promise in cancer research [4], in particular for melanoma [5], and may be 

applied to other MAP kinase-dependent diseases [6, 7]. We chose to investigate the effects 

of two different MEK inhibitor drugs, GSK1120212 (Trametinib/Mekinist) and PD0325901 

in vivo. Multiple MEK inhibitors have failed to show significant efficacy as monotherapy in 

clinical trials, with common on-target adverse events including skin rash, edema, nausea, 

and diarrhea [8]. PD0325901, had promising preclinical, phase I and phase II clinical trial 

results in the treatment of melanoma, but development as a monotherapy was abandoned in 

2008 due to adverse side effects [9, 10]. Specifically, PD0325901 was discontinued because 

of toxicities associated with intolerable drug levels passing the blood barriers of the retina 

and central nervous system [11, 12]. However, the use of GSK1120212 avoided such 

toxicities and the drug recently became the first FDA-approved MEK inhibitor to be used as 

a cancer therapy [13].

As with many drugs undergoing clinical trials, the MEK inhibitors GSK1120212 and 

PD0325901 have shown adverse events in study patients. One such common event of both 

inhibitors is edema [5, 9, 10, 14], which is the abnormal accumulation of fluid in the 

interstitium due to ion imbalance by the kidney, often linked to retention of water [15]. In 

the present study, we investigate the effects of GSK1120212 and PD0325901 in ob/ob 

mutant mice, an animal model for obesity and insulin resistance [16, 17]. These leptin-

deficient mice are indistinguishable from littermates at birth, but eat excessively and quickly 

to become obese [18]. ob/ob mice exhibit elevated MAP kinase activity [19], which is 

attributed to a chronic low-grade inflammatory state. We exploited the elevated MAP kinase 

activity in these mice so as to observe better the proteomic and phosphoproteomic 

alterations in response to the drugs, which may be too subtle to detect in wildtype mice. The 

ob/ob mouse model is well characterized and in our study may reflect the effects of 

GSK1120212 and PD0325901 in patients with elevated MEK/ERK signaling but without 

tumor burden. In these mice, inhibitors of the MEK/ERK pathway (e.g., GSK1120212 and 

PD0325901) are pharmacologically well tolerated and improve glucose homeostasis. 

However, signs of edema have been observed in these mice (A. Banks, unpublished data), as 

in human clinical trials, as an adverse reaction to drug treatment [9, 10, 13].

We aimed to understand better the mechanisms underlying the adverse effects of 

GSK1120212 and PD0325901 and subsequent development of edema. To this end, we 

investigated protein expression differences in the kidney, liver and pancreas of ob/ob mice 

treated with these MEK inhibitors, using 9 mice in a multiplexed 3x3+1 approach. This 
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strategy allows for 3 controls, 3 GSK1120212-treated mice, 3 PD0325901-treated mice, and 

1 mixed tissue sample to compare across the different 10-plex experiments. We 

subsequently focused on the kidney tissue in which we performed total phosphopeptide and 

phosphotyrosine enrichment again using TMT 10-plex labeling and associated fractionation. 

Applying the approach outlined herein to other systems will permit the global proteome and 

phosphoproteome analysis of virtually any sample type or number.

2. Materials and Methods

2.1 Materials

Tandem mass tag (TMT) isobaric reagents were from Thermo Scientific (Rockford, IL). 

Water and organic solvents were from J.T. Baker (Center Valley, PA). GSK1120212 and 

PD0325901 were from Selleckchem (Houston, TX). Titanosphere TiO2 5 μm particles were 

from GL Biosciences, (Tokyo, Japan). Phosphotyrosine (pY) 1000 antibody was from Cell 

Signaling Technology (Beverly, MA). Unless otherwise noted, all other chemicals were 

from Sigma-Aldrich (St. Louis, MO).

2.2 Mice

All animal experiments were performed according to procedures approved by Beth Israel 

Deaconess Medical Center’s Institutional Animal Care and Use Committee. The mice 

(strain: B6.Cg-Lepob/J from Jackson Labs) were 8 weeks old when administered inhibitor or 

vehicle by once daily oral gavage for 5 days. Doses in mice (GSK1120212, 3 mg/kg in 

DMSO; PD0325901, 10 mg/kg in DMSO) were diluted in 15% Cremophor EL/ 82% saline/ 

3% drug or DMSO were comparable to that given in human clinical trials [5, 9, 10, 14]. 

Kidneys, livers, and pancreata from nine mice were dissected and flash frozen in liquid 

nitrogen.

2.3 Tissue homogenization and cell lysis

Tissues were homogenized in lysis buffer (2.5% SDS, 150 mM NaCl, 50 mM HEPES pH 

8.5, 1X Roche Protease Inhibitors, 1X Roche PhosphoStop phosphatase inhibitors) at a 

tissue concentration of approximately 10–15 mg/mL using a polytron tissue grinder. 

Following homogenization, the tissue was incubated at 37°C for 30 min for reduction of 

disulfide bonds using 5 mM TCEP. Cysteines were alkylated with 15 mM iodoacetamide via 

a 30 min incubation at room temperature in the dark. Excess iodoacetamide was quenched 

with 5 mM DTT for 15 min at room temperature in the dark.

Chloroform-methanol precipitation of proteins was performed prior to protease digestion 

[20]. In brief, four parts neat methanol was added to each sample and vortexed, one part 

chloroform was added to the sample and vortexed, and three parts water was added to the 

sample and vortexed. The sample was centrifuged at 4,000 RPM for 15 min at room 

temperature and subsequently washed twice with 100% methanol.

Samples were resuspended in a small volume of 8 M urea, 50 mM HEPES pH 8.5 to aid 

dissolution and then diluted to 1 M urea, 50 mM HEPES pH 8.5 for digestion. Protein 

concentrations were determined using the BCA assay. For each of the 27 samples, 10 mg of 
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protein was digested at 37°C for 3 hrs with LysC protease at a 1:100 protease-to-protein 

ratio. Trypsin was then added at a 1:100 protease-to-protein ratio and incubated overnight at 

37°C. This reaction was then quenched with 1% formic acid, subjected to C18 solid-phase 

extraction (SPE) (Sep-Pak, Waters) and subsequently vacuum-centrifuged to near-dryness. 

Peptides were resuspended in 100 mM HEPES pH 8.5 and peptide concentration was 

determined using the microBCA assay (Pierce). From each sample, 50 μg of peptide was 

removed for protein level analysis and the remaining amount of the kidney tissue digests 

were used for phosphoprotein enrichment, while those of the liver and pancreas were stored 

for future use.

2.4 Phosphopeptide enrichment

Phosphopeptides were enriched using a method based on that of Kettenbach and Gerber 

[21]. In brief, Titanosphere TiO2 5 μm particles (GL Biosciences, Tokyo, Japan) were 

washed three times with 2 M lactic acid/ 50% acetonitrile. Peptides were resuspended in 2.5 

mL of 2 M lactic acid/50 % acetonitrile. For ~10 mg of peptide digest, 40 mg beads were 

added and incubated with gentle rotation for 1 hr at room temperature. Beads were washed 

twice with 2.5 mL of 2 M lactic acid/ 50% acetonitrile, then twice with 2.5 mL of 50% 

acetonitrile/ 0.1% TFA, and finally twice with 2.5 mL of 25% acetonitrile/ 0.1% TFA. 

Enriched phosphopeptides were eluted twice with 500 μL of 50 mM K2HPO4 pH 10 and 

vacuum centrifuged to dryness.

2.5 Tandem mass tag labeling

In preparation for TMT labeling, desalted peptides (both for protein expression and 

phosphopeptide level analyses) were dissolved in 100 mM HEPES, pH 8.5. Peptide 

concentrations were determined using the microBCA assay. Approximately 50 μg of 

peptides from each tissue sample were labeled with TMT reagent. The tissues (kidney, liver, 

pancreas) from each mouse were labeled with the same TMT tag (i.e., the kidney, liver, and 

pancreas from mouse 1 were labeled with TMT126, etc.). The samples labeled with 

TMT131 were mixtures of 3.7μg of peptide from each of the 27 individual samples. These 

mixed samples were prepared separately for total proteome and phosphoproteome analyses.

TMT reagents (0.8 mg) were dissolved in anhydrous acetonitrile (40 μL) of which 10 μL 

was added to the peptides (resuspended in 70 μL of 100 mM HEPES, pH 8.5) along with 20 

μL of acetonitrile to achieve a final acetonitrile concentration of 30% (v/v). Following 

incubation at room temperature for 1 hr, the reaction was quenched with hydroxylamine to a 

final concentration of 0.3% (v/v). The TMT-labeled samples were combined at a 

1:1:1:1:1:1:1:1:1:1 ratio. The sample was acidified, vacuum centrifuged to near dryness and 

subjected to C18 solid-phase extraction (SPE) (Sep-Pak, Waters).

2.6 Enrichment of phosphotyrosine (pY)-containing peptides

Following TMT labeling and combining, we subjected a titanium-enriched fraction of 

mouse kidney tissue digest to pY enrichment. The sample was reconstituted in 1.8 mL of 

immunoaffinity purification (IAP) buffer (50 mM MOPS pH 7.2, 10 mM sodium phosphate, 

50 mM NaCl) and 100 μL of phosphotyrosine (pY) 1000 bead slurry (Cell Signaling 

Technology, Beverly, MA) was added and rotated for 45 min at 4 °C. The tube was then 

Paulo et al. Page 4

Proteomics. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



centrifuged for 2 min at 1500 rpm and the supernatant was removed. This supernatant 

consisted of enriched phosphopeptides (mainly pT and pS) which did not bind the pY beads. 

This sample was fractionated using BpRP chromatography as described below. The beads 

were washed twice with IAP buffer and thrice with water. Phosphotyrosine peptides were 

eluted by incubation in 55 μL of 0.15 % TFA for 10 min. After centrifugation, the 

supernatant containing pY peptides was removed and the beads were washed with 45 μL of 

0.15 % TFA. This supernatant was added to the eluted phosphopeptide solution for a total 

volume of 100 μL. The pY peptide-containing solution was passed through a 0.2 μm 

centrifugal PTFE (polytetrafluoroethylene) filter (Millipore Corporation, Billerica, MA) to 

remove unwanted beads. The filtered solution was then StageTipped for desalting prior to 

mass spectrometry analysis. The final sample was reconstituted in 5 μL of 5% formic acid in 

water and 4 μL were analyzed on the mass spectrometer (as described below).

2.7 Offline basic pH reversed-phase (BpRP) fractionation

Samples were separated using basic pH reversed-phase HPLC for protein-level and total 

phosphoproteome analysis, following TMT labeling and combining of the isobarically-

labeled fractions. Using an Agilent 1100 quaternary pump equipped with a degasser and a 

photodiode array (PDA) detector (set at 220 and 280-nm wavelength) from ThermoFisher 

(Waltham, MA), a 50 min linear gradient from 5% to 35% acetonitrile in 10mM ammonium 

bicarbonate pH 8 at a flow rate of 0.8 mL/min with an Agilent 300Extend C18 column (5 

μm particles, 4.6 mm ID and 220 mm in length) separated the peptide mixture into a total of 

96 fractions which were consolidated into 12 using a checkerboard pattern. Samples were 

subsequently acidified with 1% formic acid and vacuum centrifuged to near dryness. Each 

fraction was desalted via StageTip, dried via vacuum centrifugation, and reconstituted in 5% 

acetonitrile, 5% formic acid for LC-MS/MS processing.

2.8 Liquid chromatography and tandem mass spectrometry

Our mass spectrometry data were collected using an Orbitrap Elite mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA) coupled with a Proxeon EASY-nLC II liquid 

chromatography (LC) pump (Thermo Fisher Scientific). Peptides were separated on a 100 

μm inner diameter microcapillary column packed with 0.5 cm of Magic C4 resin (5 μm, 100 

Å, Michrom Bioresources) followed by 20 cm of Maccel C18 resin (3 μm, 200 Å, Nest 

Group). For each analysis, we loaded approximately 1 μg onto the column.

Peptides were separated using a 3 hr gradient of 6 to 30% acetonitrile in 0.125% formic acid 

with a flow rate of 300 nL/min. Each analysis used an MS3-based TMT method [22] [23]. 

The scan sequence began with an MS1 spectrum (Orbitrap analysis, resolution 60,000, 300 

1500 Th, automatic gain control (AGC) target 1 × 106, maximum injection time 150 ms). 

The top ten precursors were then selected for MS2/MS3 analysis. MS2 analysis consisted of 

collision-induced dissociation (CID), quadrupole ion trap analysis, automatic gain control 

(AGC) 2 × 103, NCE (normalized collision energy) 35, q-value 0.25, maximum injection 

time 100 ms). Following acquisition of each MS2 spectrum, we collected an MS3 spectrum 

using our recently described method in which multiple MS2 fragment ions are captured in 

the MS3 precursor population using isolation waveforms with multiple frequency notches 

[22]. MS3 precursors were fragmented by HCD and analyzed using the Orbitrap (NCE 50, 
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Max AGC 1.5 × 105, maximum injection time 250 ms, isolation specificity 0.8 Th, 

resolution was 30,000 at 400 Th).

2.9 Data analysis

Mass spectra were processed using a Sequest-based in-house software pipeline. MS spectra 

were converted to mzXML using a modified version of ReAdW.exe. Database searching 

included all entries from the mouse Uniprot database (August 10, 2011), which was 

concatenated with a reverse database composed of all protein sequences in reversed order. 

Searches were performed using a 50 ppm precursor ion tolerance for total protein level 

analysis and 20 ppm for phosphopeptide analysis [23, 24]. Product ion tolerance was set to 1 

Da. TMT tags on lysine residues and peptide N termini (+229.1629 Da) and 

carbamidomethylation of cysteine residues (+57.0215 Da) were set as static modifications, 

while oxidation of methionine residues (+15.9949 Da) was set as a variable modification. 

For phosphorylation analysis, +79.9663 Da on serine, threonine, and tyrosine was also set as 

a variable modification.

Peptide spectral matches (PSMs) were filtered to a 1% FDR [24, 25]. PSM filtering was 

performed using linear discriminant analysis, as described previously [26], while 

considering the following parameters: XCorr, ΔCn, missed cleavages, peptide length, charge 

state, and precursor mass accuracy. For TMT-based reporter ion quantitation, we extracted 

the signal-to-noise (S/N) ratio for each TMT channel and found the closest matching 

centroid to the expected mass of the TMT reporter ion.

The search space for each reporter ion was limited to a range of 0.002 Th to prevent overlap 

between the isobaric reporter ions. For protein-level comparisons, peptide-spectral matches 

were identified, quantified, and collapsed to a 1% FDR and then collapsed further to a final 

protein-level FDR of 1%. Furthermore, protein assembly was guided by principles of 

parsimony to produce the smallest set of proteins necessary to account for all observed 

peptides.

Proteins and phosphorylation sites were quantified by summing reporter ion counts across 

all matching PSMs using in-house software, as described previously [26]. Briefly, a 0.002 

Th window around the theoretical m/z of each reporter ion (126, 127N, 127C, 128N, 128C, 

129N, 129C, 130N, 130C, 131) was scanned for ions, and the maximum intensity nearest the 

theoretical m/z was used. PSMs with poor quality, MS3 spectra with more than seven TMT 

channels missing, less than 100 TMT reporter summed signal to noise ratio, or no MS3 

spectra at all were excluded from quantitation [27]. Protein quantitation values were 

exported for further analysis in Excel, Matlab or Mathematica. Hierarchical clustering and 

unsupervised K-means clustering were performed using Matlab.

For both protein and phosphorylation site quantitation, values for each reporter ion channel 

were summed across all quantified peptides and normalized assuming equal protein loading 

across all 10 samples. One-way ANOVA was then used to identify proteins that were 

differentially expressed across mouse treatments and the method of Benjamini and 

Hochberg was subsequently applied to control for multiple testing error [28]. A Benjamini-

Hochberg-corrected p-value < 0.05 was considered statistically significant. Data were 
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normalized to the TMT131 channel (separately for the total protein and phosphoprotein 

data) by dividing the summed signal-to-noise for each protein in each channel by the 

corresponding value of the 131 channel to compare across different tissue data sets.

2.10 Phosphopeptide motif analysis

For the phosphorylation dataset, site localization was evaluated via AScore [29]. Sites with 

an Ascore >13 were analyzed further using the motif-x algorithm [30] (http://motif-

x.med.harvard.edu). Sequences were centered at the phosphorylated residue and extended 

six amino acids on each side, thereby giving a length of 13 amino acids for each 

phosphorylation site. The minimum reported number of occurrences for a given motif was 

set at 20 and only motifs with a score of >6 were reported. Sequence logos were 

automatically generated by Weblogo [31].

2.11 Data access

RAW files will be made available upon request. Supplementary tables are available on-line 

providing protein names, TMT signal-to-noise values, and p-values from ANOVA for the 

kidney (Supplemental Table 1), liver (Supplemental Table 2), and pancreas (Supplemental 

Table 3) samples. In addition, Supplemental Table 4 provides additional data on the kidney 

phosphopeptide experiment including the sequence of phosphorylated motif and the 

ASCORE.

3. Results

3.1 The proteomes of mice treated with either GSK1120212 or PD0325901 showed minimal 
alterations when compared to vehicle-treated controls

Our strategy allowed for three controls, three GSK1120212-treated mice, three PD0325901-

treated mice, and one mixed sample to be analyzed in a single TMT10-plex experiment 

(Figure 1A). We subsequently focused on kidney tissue in which two additional experiments 

were performed - general phosphorylation analysis and phosphotyrosine analysis (Figure 

1B). We first examined protein level changes, identifying more than 7900 proteins among 

the three tissues. Individually, we quantified 5908 proteins in kidney, 5019 in liver, and 

5644 in pancreas (Figure 2A).

Histograms of the log2 –transformed fold changes of each inhibitor-to-vehicle ratio showed 

little variation among the 3 tissues (Figure 2B). We tested for statistical significance using a 

one-way ANOVA and corrected for multiple testing of proteins in each tissue using the 

post-hoc Benjamini-Hochberg method [28]. With these criteria, we did not identify 

significantly changing proteins following treatment with either drug in either in the kidney 

or liver. In the pancreas, nine marginally significant (p-value<0.05, but >0.04) proteins were 

identified (Supplemental Figure 1). Of potential interest include three proteins, which 

demonstrated decreased abundance upon treatment with PD0325901: chymotrypsinogen B, 

kallikrein-1, and pancreatic lipase-related protein 1, all which are commonly identified in 

pancreatic fluid [32]. Similarly, Vamp2 and Vamp8 levels also decreased with PD0325901. 

These two proteins were generally associated with zymogen granules, the vesicles in which 

pancreatic proenzymes were secreted [33]. Thus, the enzymatic transport mechanism and/or 
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production of these pancreatic enzymes may be compromised upon treatment with 

PD0325901, but the analogous effect of GSK1120212 was less potent and merit further 

study.

Moreover, hierarchical clustering by protein expression resulted in the heat map shown in 

Supplemental Figure 2. Tissues clustered together as expected, but treatments did not always 

cluster. These results emphasize that few significant changes at the protein expression level 

were induced by the kinase inhibitors over the 5 day treatment. As such, we investigated 

cellular signaling via phosphoproteomic analysis, in which alterations would be expected on 

a shorter time frame.

3.2 Phosphopeptide enrichment revealed significant differences in the phosphorylation 
levels of certain proteins resulting from MEK inhibitor treatment

Inhibition of MEK kinases would be expected to alter protein phosphorylation and signal 

transduction cascades. As very few changes in protein abundance were noted, we increased 

the depth of our analysis by investigating the phosphorylation level alterations. As we were 

interested in proteins involved in the clinical adverse effect of edema, we focused the 

phosphoproteomic analysis on the kidney samples. We measured changes in 

phosphorylation across 10,562 sites in kidney (Figure 3A).

As with the protein level data, we tested statistical significance using ANOVA, and set a 

significance threshold p-value <0.05. Using only those sites with a significant difference, we 

performed K-means clustering and subsequently gene ontology analysis on the clusters 

(Figure 3B). It followed that the two clusters of most interest were those in which both 

inhibitors caused either an increase (top cluster; Figure 3B) or a decrease (bottom cluster; 

Figure 3B) in phosphorylation. The major gene ontology (GO) categories for the cluster 

with decreased phosphorylation upon inhibitor treatment were cytoskeletal and actin 

binding. Among the proteins with the greatest decrease in phosphorylation were BSND 

(Bartter syndrome with sensorineural deafness, Barttin), Ahnak (Neuroblast differentiation-

associated protein), Synm (synemin, intermediate filament protein), Flna (Filamin A), and 

Lsp1 (Lymphocyte-specific protein 1). In contrast, the major GO categories for the cluster 

demonstrating increased phosphorylation upon inhibitor treatment were ion transport and 

plasma membrane. Two proteins demonstrating high fold changes in phosphorylation in this 

cluster included Trpv5 (Transient receptor potential cation channel subfamily V member) 

and Slc12a3/NCC (sodium-chloride symporter/Na-Cl Cotransporter), which are associated 

in kidney-related Barttin’s syndrome [34]. Focusing on these two clusters, we used motif-x 

[30, 35] to determine if any phosphorylation motifs were present in the identified 

phosphopeptides (Figure 3B). The cluster representing decreased phosphorylation showed 

PxSP and SP as having 37% and 26% enrichment, respectively. In contrast, in the cluster 

with increased phosphorylation with inhibitor treatment (top panel), SD and SxE sites 

showed an enrichment of 25% each.

We queried the data for the sites with the largest drug-induced change, and we retrieved a 

phosphorylation site on BSND with local sequence YYGLPDpSPGNPLP (S289). This site 

showed a nearly 10-fold decrease in phosphorylation upon treatment with either inhibitor 

(Figure 4A). We noted that the phosphorylation state of a second BSND phosphorylation 
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site S162, VVVHRGpSDENEGE, did not change, providing further evidence as to the 

specific effect of the inhibitor on S289 (Figure 4B). Moreover, the protein-level data for 

BSND did not show significant difference (Figure 4C) in the presence of the inhibitor, and 

as such revealed that the change in phosphorylation state was not an artifact of increased 

protein production. This finding was of particular interest as BSND, when mutated, caused 

altered chloride homeostasis and salt wasting [36]. Although not clearly understood 

functionally, BSND may be inactivated by tyrosine phosphorylation [36].

In addition to comparing the similarity of both drugs’ effects, we also compared the 

differences in the action of these two drugs. At least in kidney tissue, these differences were 

very subtle. In total, 11 phosphorylation sites (Supplemental Figure 3) demonstrated 

statistically significant difference (corrected p-value < 0.05) in abundance when comparing 

the two drug treatments. Phosphosites significantly up-regulated in mice treated with 

GSK1120212 included P2ry2-329, Zc3hc1-343, C2cd2l-411, Traf4-426, Tjp1-617, and 

Hsd17b8-58, while those significantly up-regulated in mice treated with PD0325901 

included Kiaa1543-830, Vps13d-1756, Agps-57, Eif4g1-1217, and Ttc15-313. Of these 

proteins, only two have some evidence supporting implications in kidney dysfunction but 

not specifically edema, both of which have a phosphorylation site that is up-regulated in the 

GSK1120212-treated mice. Tjp1 (tight junction protein ZO-1) is located on cytoplasmic 

membrane surface of intercellular tight junction which may transduce signals required for 

tight junction assembly stabilizing junctions [37]. The disruption of tight junctions have a 

role in chronic kidney disease [38]. Similarly, P2ry2 (purinoceptor 2) is a receptor for ATP 

and UTP that is coupled to G-proteins and has a role in the activation of a 

phosphatidylinositol-calcium second messenger system [39] which affects renal tubular 

transport [40].

Other proteins with statistically significant differences in phosphorylation events between 

the two drugs have many different cellular functions. Several of these proteins, including the 

aforementioned Tjp1 and P2ry2, were membrane or membrane-associated proteins. Ttc15 

(trafficking protein particle complex subunit 12) may be involved in endoplasmic reticulum 

to Golgi apparatus trafficking at a very early stage [41]. Likewise, Vps13d (Vacuolar protein 

sorting-associated protein 13D) is involved in trafficking of membrane proteins in the trans-

Golgi network [42]. C2cd2l (C2 domain-containing protein 2) is an integral membrane 

protein which has not been extensively studied [43]. Many of these membrane proteins act 

in signal transduction, as does Traf4 (TNF receptor-associated factor 4) which is an adapter 

protein and signal transducer that links members of the tumor necrosis factor receptor 

(TNFR) family thereby mediating signal transduction to different signaling pathways (e.g., 

NF-kappa-B and JNK [44]. Similarly, Kiaa1543 (Calmodulin-regulated spectrin-associated 

protein 3) is known to regulate the nucleation and the polymerization of microtubules [45]. 

Other proteins are involved in cell cycle and cell division. Zc3hc1 (Zinc Finger, C3HC-Type 

Containing 1) an F-box-containing protein that is a component of an SCF-type E3 ubiquitin 

ligase complex regulating the onset of cell division. [46]. Eif4g1-1217 Eukaryotic 

translation initiation factor 4 gamma 1 Component of the protein complex eIF4F, which is 

involved in the recognition of the mRNA cap, ATP-dependent unwinding of 5′-terminal 

secondary structure and recruitment of mRNA to the ribosome involved in the recognition of 
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the mRNA cap, ATP-dependent unwinding of 5′-terminal secondary structure [47, 48]. 

Organelle specific proteins were also identified in differentially phosphorylated states. Agps 

(alkyldihydroxyacetonephosphate synthase) is a peroxisomal protein that catalyzes the 

exchange of an acyl for a long-chain alkyl group and the formation of the ether bond in the 

biosynthesis of ether phospholipids [49]. Hsd17b8 (estradiol 17-beta-dehydrogenase 8 

NAD-dependent 17-beta-hydroxysteroid dehydrogenase) is a mitochondrial protein that has 

a role in the biosynthesis of fatty acids in mitochondria [50]. The role of these proteins in 

edema and kidney dysfunction in relation to the differences in the downstream or off-target 

effects of these drugs is currently not completely understood and further study will enhance 

current knowledge concerning the differences in effects between these two drugs.

3.3 Phosphotyrosine enrichment showed a decrease in phosphorylation of MAPK1 and 
MAPK3

We enriched for phosphotyrosine-containing peptides via immunoprecipitation with an anti-

phosphotyrosine antibody to interrogate deeper the phosphoproteomic alterations of these 

MEK inhibitors on kidney function. Of the 592 phosphotyrosine features identified, 16 

showed significantly altered phosphorylation, including MAPK1 (ERK2) and MAPK3 

(ERK1) (Figure 5). MEK inhibition blocks ERK1/2 phosphorylation, the targets for the 

MEK kinases. These ERK kinases are mitogen-activated protein kinases belonging to the 

CMGC (CDK/MAPK/GSK3/CLK) kinase group [51]. Typically these kinases require the 

target serine or threonine residues to be followed by a less bulky amino acid, usually proline, 

and thus are commonly referred to as proline-directed kinases [52]. As MAPK1 and 

MAPK3 phosphorylate SP residues, such a result was consistent with our previous motif 

analysis showing greater than 25-fold enrichment in SP motifs in a cluster of 

phosphopeptides in which phosphorylation decreased when the mice were treated with either 

inhibitor (Figure 3B). It was worth noting that the MAPK1 and MAPK3 phosphopeptides 

were not identified when TiO2 enrichment alone was used, and thereby under the 

experimental conditions herein were identified only with phosphotyrosine 

immunoprecipitation.

4. Discussion

We developed a platform based upon the analysis of 10 samples simultaneously (3x3+1 

TMT10-plex experiment) to characterize the effects of two MEK inhibitor drugs 

(GSK1120212 and PD0325901) across 3 tissue types. We observed very few changes at the 

protein level in the three tissues. Focusing on kidney tissue, we investigated 

phosphoproteomic alterations. More than 10,000 sites were quantified from the TiO2 

enriched samples, and an additional 592 sites were profiled after antibody-based 

phosphotyrosine enrichment. K-means clustering analysis revealed a decrease in 

phosphorylation of SP and PxSP motifs, and an increase in phosphorylation of the more 

acidic motifs, SD and SxE, with inhibitor treatment. We focused our analysis on the kidney 

to understand better the fluid retention phenotype resulting from the treatment of our mouse 

model with the inhibitors. We observed a significant decrease in the phosphorylation of a 

PxSP motif in a BSND (Bartter syndrome with sensorineural deafness) peptide (BSND-

S289). Phosphotyrosine enrichment of the kidney tissue revealed a decrease in the 
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phosphorylation of MAPK1 and MAPK3 residues. The inactivation of these kinases may be 

involved in the mechanism that results in decreased phosphorylation of BSND-S289, which 

has a PxSP motif and thus is a common target of MAPK1 and MAPK3.

Fluid retention, more specifically, edema, has been identified as an adverse effect in clinical 

trials of both GSK1120212 and PD0325901 [5, 9, 10, 14]. As noted above, one of the most 

significantly altered phosphorylation sites in our study is localized on the BSND protein 

[36]. This protein is an essential beta subunit of CLC chloride channels and is localized to 

the basolateral membranes of renal tubules [53, 54]. Renal dysfunction is associated with 

BSND expression [55], and alterations in the protein have been associated with Bartter 

syndrome [56]. The BSND phosphorylation site (S289) with motif YYGLPDpSPGNPLP 

shows approximately a 10-fold decrease in phosphorylation upon treatment with either 

inhibitor. We also observe that the protein level of BSND does not change significantly, nor 

does the phosphorylation state of a second BSND phosphorylation site S162 (Figure 4). It is 

noteworthy that although this PxSP site is conserved in several mammalian species, this site 

is not conserved in primates (Supplemental Figure 4). Although these drugs have a profound 

effect on BSND phosphorylation at S162 and may result in aberrant downstream effects in 

mice, the event is not preserved in humans. Further studies are needed to investigate the 

global implications of the effects of GSK1120212 and PD0325901 on this phosphorylation 

site in mice with respect to its absence in humans.

In addition, we identified peptides from Solute carrier family 12 member 3 (Slc12a3), a 

known interacting partner of BSND [57]. Of particular interest is the phosphorylation site 

with residue S124, which has been discovered recently [58] and has been characterized 

extensively in rats [59]. This phosphorylation site, DETGTNpSEKSPGE, unlike BSND-

S289, shows an increase in phosphorylation upon treatment with the inhibitors, as illustrated 

in Figure 3. Moreover, in contrast to BSND, the S124 site on Slc12a3 is conserved in 

humans and therefore may be a target of these inhibitors that is common in both species. The 

relationship between BSND, Slc12a3, and the associated phosphorylation events is currently 

not well understood and targeted studies will be needed to elucidate the mechanisms of 

action.

Here we present one of the first studies using a TMT10-plex system, which expands the 

potential of commercially available isobaric tag multiplexing reagents which up until 

recently allowed a maximum of 8 channels [27, 60]. First, throughput is increased as 

multiple samples may be analyzed simultaneously, resulting in reduced instrument time and 

associated costs. Second, fewer missing values are observed, as is common in metabolic 

labeling, because the isobaric peptides from different samples are isolated and fragmented 

together to produce the reporter ions. And third, multiple comparisons may be performed in 

a single experiment, such that statistical significance may be assessed while minimizing 

differences due to instrumental conditions. A major advantage of our strategy over the 

commonly-used TMT6-plex strategy is the ability to more confidently apply statistical 

methods (i.e., t-tests and ANOVA) to ternary comparisons in a single experiment. We 

expect higher order multiplexing reagents to highlight further these advantages.
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The importance of enriching for phosphotyrosine-containing peptides to achieve a greater 

depth of low abundant phosphorylation sites using our workflow is emphasized by our 

identification of MAPK1 and MAPK3 phosphopeptides following phosphotyrosine 

immunoprecipitation. From these proteins, two phosphopeptides were detected only via the 

pY IP and were not identified by TiO2 enrichment alone. These phosphopeptides contained 

both a tyrosine and a threonine, however only the tyrosine on this peptide was 

phosphorylated. Phosphorylation of tyrosine residues is a rare event, comprising 

approximately 0.05 – 1.8% of total phosphorylation sites in the cell [61]. We were able only 

to detect the direct targets of MEK through phosphotyrosine affinity isolation, suggesting 

that phosphotyrosine analysis is compatible with the TMT10-plex pipeline.

We compared the effects of two MEK inhibitors to vehicle treatment to study the global 

effects of these inhibitors on a mouse model. In general, both inhibitors affect target sites in 

kidney tissue in a similar manner as per the direction of changes in phosphorylation events. 

Such would imply a high degree of on-target verses off-target effects although these two 

inhibitors differ substantially in their chemical structures (Figure 1). Further 

phosphorylation-based studies on the other tissues, e.g. liver and pancreas, may provide 

added insight into the differences in the off-target effects of these drugs.

Future experiments may also extend the strategy that we have outlined herein. For example, 

differences in the effects of the inhibitors to each other at the protein and phosphoprotein 

level may elucidate the specific targets of each inhibitor. In addition, one can expand the 

number of tissues investigated. Experiments could also be designed such that 10 tissues are 

compared in a single experiment and multiple 10-plexes are analyzed as biological 

replicates. Essentially, TMT 10-plex offers tremendous flexibility for robust proteome and 

phosphoproteome analysis for virtually any biological system.

In conclusion, our data highlight the use of higher order TMT-based multiplexing to 

interrogate the global proteomes and phosphoproteomes of multiple tissues in an unbiased 

manner towards discovering potential functional alterations. These data may provide insight 

into the phenotypic differences resulting from MEK inhibitor treatments. Further 

bioinformatic analysis of these data may yield insights into the mechanisms modulated by 

GSK1120212 and PD0325901. For example, the enrichment of SP sites may implicate 

cyclin dependent kinases (CDK) as having a role on alterations in cell signaling due to drug 

treatment. The 3x3+1 strategy permits the comparison of 3 different states in triplicate, 

thereby allowing for statistical analysis within each experiment, and the ability to compare 

data across multiple experiments with the tenth channel. This versatile strategy can be 

applied to virtually any organism, organ, or disease model, making it a powerful 

multiplexing method. Upon the introduction of higher-plexed isobaric labeling, a greater 

number of replicates or conditions could be analyzed in a single experiment resulting in 

improved statistical analyses.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Experimental overview using TMT10-plex quantitation
A) The 3x3+1 strategy consists of triplicate analyses of vehicle-, GSK1120212-, and 

PD0325901-treated mice plus a cross-over channel comprising a mix of all samples 

allowing for the comparison across three separate TMT experiments and thus between tissue 

types and inhibitor treatments. B) Experimental details. Mouse tissues were harvested and 

proteolyzed. For protein expression profiling, peptides were labeled with TMT reagents and 

then combined as shown in Panel A. Labeled peptides were separated by basic pH reverse-

phase (BpRP) chromatography with fraction collection. Fractions (12) were analyzed by an 

LC-MS3 method using a 3-hr gradient. For phosphorylation analysis, two different 

experiments were collected. First, phosphopeptides were first enriched using TiO2 and then 

labeled with TMT reagents. Second, phosphotyrosine-containing peptides were enriched via 

anti-phosphotyrosine antibodies. The unbound phosphopeptide fraction was analyzed via 

BpRP chromatography (12 fractions) for general phosphorylation. The affinity isolated 

phosphotyrosine sample was analyzed by a single 3-hr LC-MS3 analysis.
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Figure 2. Summary of protein expression data
A) Summary of total peptides, unique peptides and proteins quantified in each tissue at <1% 

FDR. B) Distributions of log2-transformed fold change ratios for three tissues comparing the 

drug treatment to control. V, vehicle; G, GSK1120212: PD, PD0325901.
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Figure 3. Summary of TiO2 phosphorylation enrichment data
A) Phosphopeptides identified by TiO2 (titanium dioxide enrichment) and pY IP 

(phosphotyrosine immunoprecipitation). B) Heat map of clustered phosphorylation changes 

in kidney tissue. K-means clustering of significantly changing sites from kidney tissue of 

mice treated with vehicle, GSK1120212, and PD0325901. Gene ontology (GO) enrichment 

terms for each of the clusters are shown alongside the clusters, as are bar charts showing 

effects of inhibitor treatments for representative sites. Motifs that are enriched for the 

inhibitor treatments are illustrated on the left. V, vehicle; G, GSK1120212: PD, PD0325901; 

SN, signal-to-noise; *, p-value<0.05 versus vehicle as determined via ANOVA and post-hoc 

Tukey’s test.
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Figure 4. Protein expression and phosphorylation analysis for BSND protein
A) Relative abundance of site S298 showing decreased phosphorylation upon either drug 

treatment. B) Site S162 phosphorylation shows no alteration in phosphorylation levels. C) 
Normalized TMT signal to noise ratio (S/N) for BSND protein expression does not change. 

*, p-value<0.05 versus vehicle as determined via ANOVA and post-hoc Tukey’s test.

Paulo et al. Page 20

Proteomics. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Enrichment of kidney phosphotyrosine (pY)-containing peptides via 
immunoprecipitation
Left: Heat map of significant phosphotyrosine-containing peptide changes following 

enrichment. Right: Histograms of TMT signal-to-noise (SN) intensity for example 

phosphotyrosine sites. V, vehicle; G, GSK1120212; PD, PD0325901; *, p-value<0.05 

versus vehicle control as determined via ANOVA and post-hoc Tukey’s test.
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