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Integrative Phosphoproteomics 
Links IL-23R Signaling with 
Metabolic Adaptation in 
Lymphocytes
Corinne Lochmatter1,2,*, Roman Fischer1,3,*, Philip D. Charles3, Zhanru Yu3, Fiona Powrie1 & 
Benedikt M. Kessler3

Interleukin (IL)-23 mediated signal transduction represents a major molecular mechanism underlying 
the pathology of inflammatory bowel disease, Crohn’s disease and ulcerative colitis. In addition, 
emerging evidence supports the role of IL-23-driven Th17 cells in inflammation. Components of the 
IL-23 signaling pathway, such as IL-23R, JAK2 and STAT3, have been characterized, but elements 
unique to this network as compared to other interleukins have not been readily explored. In this 
study, we have undertaken an integrative phosphoproteomics approach to better characterise 
downstream signaling events. To this end, we performed and compared phosphopeptide and 
phosphoprotein enrichment methodologies after activation of T lymphocytes by IL-23. We 
demonstrate the complementary nature of the two phosphoenrichment approaches by maximizing 
the capture of phosphorylation events. A total of 8202 unique phosphopeptides, and 4317 unique 
proteins were identified, amongst which STAT3, PKM2, CDK6 and LASP-1 showed induction of 
specific phosphorylation not readily observed after IL-2 stimulation. Interestingly, quantitative 
analysis revealed predominant phosphorylation of pre-existing STAT3 nuclear subsets in addition to 
translocation of phosphorylated STAT3 within 30 min after IL-23 stimulation. After IL-23R activation, a 
small subset of PKM2 also translocates to the nucleus and may contribute to STAT3 phosphorylation, 
suggesting multiple cellular responses including metabolic adaptation.

Molecular signaling cascades in normal physiology or disease mechanisms involve critical protein phospho-
rylation steps. Technological advancements in mass spectrometry have resulted in mapping >150000 protein 
phosphorylation sites1, but the physiological significance of most identified phosphorylation sites remains to 
be determined. The minority of them, in particular tyrosine phosphorylation, might be functionally relevant 
whereas the rest could simply be off-target reactions of activated kinases2,3. Phosphoproteomics employs selective 
phosphopeptide enrichment via immobilized metal affinity chromatography (IMAC) in general4–6, and titanium 
dioxide (TiO2) in particular7–9. Combining IMAC/TiO2 with hydrophilic interaction liquid chromatography 
(HILIC) improves recovery of phosphorylated peptides10–12. Combined phosphoenrichment strategies coupled 
to quantitative mass spectrometry such as isotope-labelling strategies13–16, led to deeper phosphorylation cover-
age of cellular signaling processes and subcellular compartments in cell lines and primary cells17,18. For instance, 
activation of lymphocytes by the T cell receptor (TCR) and cytokines such as IL-2 and IL-15 have been exten-
sively mapped by phosphoproteomic approaches14,15,19–23. However, little is known about the molecular details of 
signaling after stimulation with less studied cytokines such as IL-23, which plays a key role in controlling innate 
and T-cell-mediated intestinal inflammation, thereby contributing to the pathology of inflammatory bowel dis-
ease (IBD), Crohn’s disease (CD) and ulcerative colitis (UC)24,25. Innate lymphoid and T cells are mainly driven 
by IL-23 to cause intestinal inflammation26–28. IL-23 dependent pathogenesis of autoimmunity is caused by the 
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activation of a T helper cell subset (TH) producing a cytokine signature including IL-17, IL-6, GM-CSF, TNF, 
IFNγ , CCL20, IL1β  and IL-23, thereby classifying them as T helper (TH17) cells29. IL-1β , IL-6, IL-23 and in some 
instances TGFβ  are necessary for optimal TH17 differentiation, whereas IL-23 seems to be critical for the main-
tenance of the TH17 phenotype. The molecular nature of how lymphoid cells are activated beyond canonical JAK 
STAT signaling through the IL-23R is not yet well understood, but genetic association studies in IBD suggested 
links between JAK2, STAT3 and CCR6 gene polymorphisms and IL-23 signaling30. Also, impaired function of 
Tregs in patients with psoriasis is mediated by phosphorylation of STAT3 following stimulation with IL-23, IL-6 
and IL-2131. Features distinguishing IL-23 from stimulation patterns of IL-6 and IL-21 as well as other related 
cytokines such as IL-2 and IL-12 that act through STAT3 are not yet clear. A number of downstream signaling 
molecules and pathways may be shared or part of the integrative networks. As IL-23 represents such a critical 
cytokine relevant for the development of pathogenic TH17 cells, we have applied a complementary set of quanti-
tative phosphoproteomics based on enrichment strategies at the peptide or protein level to reveal comprehensive 
phosphorylation dynamics after IL-23 stimulation.

Experimental Section
Experimental design and statistical rationale. Phosphopeptide enrichment after 30 min of IL-23 stim-
ulation was performed in three biological replicates. Unstimulated cells for each replicate were used as control 
(“0 minute” time point). Isotope labelled, fractionated phosphopeptides (HILIC/IMAC, 10 fractions per experi-
ment) were analyzed by mass spectrometry after adjusting injection volumes to maximize peptide identification. 
Label-free phosphoprotein enrichment was performed as a time-course at 0 (CTRL), 5, 10 and 30 minutes after 
IL-23 stimulation in one single biological experiment, followed by mass spectrometry in analytical duplicates. The 
time resolved experimental design was employed to identify early responders and also to match with subsequent 
validation experiments using immunoblotting. Analytical duplicates were employed to increase the number of 
identified proteins and to enhance robustness of the analytical and quantitation workflows. Validation of candi-
date proteins was performed by immunoblotting in two additional biological replicates. STAT3 immunoprecipita-
tions were performed as two independent biological experiments. Statistical methods and underlying rationales, 
in particular for the comparison of phosphopeptide versus phosphoprotein based enrichments, are described 
extensively in the data analysis and supplemental material sections.

Cytokine stimulation. Kit225 cells were rested in medium without IL-2 at a cell density of 1 ×  106 cells/
ml for 46 h before cytokine stimulation. Cells were then washed once in medium, counted, resuspended at 
5 ×  106 cells/ml and incubated for another 2 h in order to rest them before they were spun down, resuspended 
in RPMI medium at the same cell density and divided up for the different conditions of cytokine stimulation. 
For all phosphoprotein experiments with different time points between 0–30 min, cells were stimulated at a cell 
density of 5 ×  106 cells/ml with 10 ng/ml IL-23 for the indicated amounts of time. Unstimulated control cells 
were collected at the same time. Phosphopeptide enrichment experiments were performed in biological trip-
licates Supplementary Methods. Two batches of cells were resuspended in 20 ml RPMI (experiments A and B 
–100 ×  106 cells/time point; 10 ml for experiment C –50 ×  106 cells/time point) and were stimulated either with 
IL-23 (30 min IL-23) by shaking at 37 °C (100 rpm), or without cytokine (0 min, control). For phosphopeptide 
experiments, cells were then pelleted at 4 °C and lysed in 100 μl lysis buffer (per 50 ×  106) cells consisting of 10 mM 
sodium phosphate, pH 7.4 containing 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 0.1% sodium deoxycholate and 
50 mM DTT+  protease inhibitors (Halt Protease Inhibitor Cocktail, Thermo Scientific) and phosphatase inhib-
itors (PhosSTOP Phosphatase Inhibitor, Roche), 1 mM sodium orthovanadate + 2 mM beta-glycerophosphate, 
10 mM NaF). Cells were lysed on ice for 20 min and insoluble material was pelleted by centrifugation at 4 °C 
before downstream processing of the lysate and phosphopeptide enrichment as described in the following sec-
tion. Sample processing for phosphoprotein enrichment and subsequent validation experiments were performed 
as described below.

Phosphopeptide enrichment. After clearing of the lysate by centrifugation at 14000 rpm, protein concen-
tration was measured (BCA protein assay, Thermo Scientific) and adjusted between stimulated and unstimulated 
sample. Phosphorylation of STAT3 was tested at this stage by Western Blot using a small aliquot of lysate. Equal 
amounts of lysate (experiment A/B: 3.25 mg, C: 1.5 mg) were alkylated using 100 mM iodoacetamide (IAA) fol-
lowed by chloroform/methanol precipitation as described previously32. Samples were resuspended in 200 μl 8 M 
urea, 25 mM TEAB, 0.8% N-octyl-glucopuranoside. Solubilized samples were diluted 8-fold with 25 mM TEAB 
and digested with trypsin (KR not P) overnight at 37 oC. Samples were acidified with trifluoroacetic acid (TFA) 
and labeled on column with dimethyl- and [2H]4 dimethyl-formamide as described before33. Samples were pooled 
after elution, dried down and resuspended in 120 μl 80% acetonitrile (ACN)/0.1% TFA by first adding a final vol-
ume of 66% ACN/0.1% TFA followed by adjusting ACN concentration to 80%.

Phosphopeptides were enriched in a 2-step procedure (hydrophilic interaction chromatography (HILIC) fol-
lowed by ion metal chromatography (IMAC) as described12. In brief, a HILIC column (Amide 80, 4.6 ×  250 mm, 
Tosoh Bioscience LLC) was used to enrich and separate hydrophilic peptides into 30 fractions between 10 and 
70 minutes on a Dionex 3000 UHPLC system. To accommodate the decreased solubility after dimethylation, 
peptides were loaded in 80% ACN. To reduce sample numbers, 1 ml peptide fractions eluted after HILIC chro-
matography were pooled (fractions 1–2, 3–4, 5–6, 7–8, 9–10, 11–13, 14–16, 17–21, 22–25, 26–30). The resulting 
10 pooled fractions were incubated each with 30 μl of a 50% slurry of PHOS-Select Iron affinity gel (Sigma) for 
30 min at RT and placed onto 0.22 μm nylon Spin-X centrifuge tubes for subsequent purification. Samples were 
washed two times with 0.5 ml 250 mM acetic acid/30% ACN followed by ddH20 and eluted with 100 μl 400 mM 



www.nature.com/scientificreports/

3Scientific RepoRts | 6:24491 | DOI: 10.1038/srep24491

ammonium hydroxide. Samples were lyophilized to dryness and kept at − 80 oC until analysis. Unbound material 
(flow through) in experiments A, B was dried down and stored at − 80 oC for subsequent TiO2 enrichment.

TiO2 enrichment was performed as described before with some modifications for single steps34,35. In brief, 
samples were resuspended in 120 μl GA solution (80 mg/ml glycolic acid/80% ACN/2% TFA). TiO2 beads 
(Titansphere 10 μm loose beads, Hichrom Ltd, UK) were washed with 0.6% NH4OH, then equilibrated with 
GA solution. Samples were incubated with 25 mg beads for 1.5 h shaking at RT and washed resuspending beads 
by vortexing followed by a centrifugation step at 8000 rpm. Washing steps were GA solution, 80% ACN/0.2% 
TFA and 20% ACN/0.5% TFA. Two elution steps were performed, first with 0.6% NH4OH, 1 h RT and then 60% 
ACN/0.05% TFA, 30 min RT collecting eluted peptides by centrifugation at 9000 rpm and followed by clearing 
over a C8 tip to remove residual beads36. Samples were dried down and stored at − 80 oC until analysis.

Phosphoprotein enrichment. We performed three independent biological experiments stimulating 
50 ×  106 cells Kit225 cells per time point with IL-23 or IL-2 (10 ng and 20 ng (360 U)/5 ×  106 cells) (experi-
ments 1–3). Stimulation was in analogy to as described for phosphopeptide enrichment involving sequential 
addition of cytokine for shorter time points whilst cells were shaking in order to be able to stop all conditions 
at the same time. Samples from experiment 1 were used for analysis by mass spectrometry and validation by 
Western Blot, samples from experiment 2 and 3 for analysis by Western Blot only. Phosphoproteins were enriched 
using the Pierce Phosphoprotein enrichment Kit (Thermo Scientific, Pierce). In brief, after cytokine stimulation 
cells were washed twice in 10 ml cold 25 mM HEPES buffer before lysing cells in 1.2 ml lysis buffer (lysis/bind-
ing wash buffer with 0.25% CHAPS) containing protease inhibitors (Halt Protease Inhibitor Cocktail, Thermo 
Scientific) and phosphatase inhibitors (PhosSTOP Phosphatase Inhibitor, Roche) for 45 min on ice vortexing 
periodically. Lysates were then centrifuged at 3000 rpm for 30 mins at 4 oC to remove cellular debris and pellet 
nuclei. Supernatant was collected and protein concentration was measured using BCA protein assay (Thermo 
Scientific), adjusted to 0.5 mg/ml with lysis buffer and 1 ml sample was then used per condition for phosphopro-
tein enrichment. Samples were loaded onto equilibrated IMAC resin cartridges, incubated for 30 min shaking at 
4 oC and washed 3×  with 5 ml lysis/binding/wash buffer. Samples were eluted in elution buffer without CHAPS 
and concentrated as instructed. Protein concentration was measured and equal amounts (50 μg per sample) were 
reduced by adding 10 mM dithiothreitol (DTT), alkylated and subjected to chloroform-methanol precipitation,  
in-solution trypsin digestion and LC-MS/MS analysis as described in Supplementary Methods.

Label-free quantitation (phosphoprotein and immunoprecipitation analysis). We used label-free 
quantitation with Progenesis QI for proteomics (QIP) v2.0 to determine differentially phosphorylated proteins 
after phosphoprotein enrichment and a time course stimulation with IL-23 for 0, 5, 10, 15 and 30 minutes. Samples 
of each time point were analysed in technical duplicates. Proteins were identified with Mascot v2.5 (10 ppm 
precursor and 0.05 Da fragment mass tolerance, UniProt Swiss-Prot human database (retrieved 08/12/2013), 
1% FDR, peptide score threshold of 20). We used all significantly identified peptides to normalize the data and 
unique peptides for quantitation. Quantification of STAT3 derived peptides following immunoprecipitation in 
cytosolic and nuclear fractions was performed by separate label-free quantification using LC-Progenesis QI soft-
ware, essentially as described above. In this case, no normalization step was performed to reflect isolated STAT3 
protein levels in the analysed equal amounts of subcellular compartments post IL-23 stimulation. For the pur-
poses of comparing the numbers of phosphoproteins identified between enrichment approaches in Fig. 1, an 
export of the LC-Progenesis QI dataset output was re-analysed through Proteome Discoverer (PD) v1.4 (Thermo 
Scientific) as described above for the phosphopeptide enrichment. This was to ensure that the same protein 
grouping algorithm was applied for both datasets.

Further information about i) Cell lines and antibodies, ii) Analysis by tandem mass spectrometry, iii) Data 
analysis, iv) Statistical analysis of differential phosphorylation at the peptide & protein level, v) Subcellular frac-
tionation, immunoprecipitation and immunoblotting, vi) Gene expression analysis, and vii) Lactate measurement 
by GCxGC-MS is available in supplemental information.

Results
Complementary nature of phosphoprotein and phosphopeptide enrichment. We first set out 
to compare phosphorylation enrichment protocols based on the protein or peptide level. As a study case, initial 
phosphorylation-dependent signaling events in T cells after IL-23 stimulation were examined. To this end, Kit225 
lymphocytic cells were treated with IL-23 followed by either peptide (0 and 30 minutes IL-23 stimulation) - or 
protein (0, 5, 10 and 30 minutes IL-23 stimulation) - based phospho-enrichments and subsequent mass spectro-
metric (MS) analysis (Fig. 1a). After phosphopeptide enrichment with HILIC/IMAC, we were able to identify a 
total of 7,956 unique phosphopeptides (Table S1, unique combination of sequence and phosphorylated residues) 
in HILIC/IMAC fractions from 111095  peptide spectrum matches (PSMs) (assigning matches to 19.3% of total 
spectra acquired) representing 2757 unique phosphorylated proteins (Fig. 1b). Phospho-PSMs represented up to 
80% of total PSMs in individual HILIC/IMAC fractions across all three enrichments. Further TiO2 enrichment 
of the unbound material (yielding 534 unique phosphopeptides) raised total unique phosphopeptides identi-
fied to 8069 (representing 2764 unique phosphorylated proteins). The phosphoprotein enrichment approach 
revealed a total of 2511 unique proteins, including 116 proteins with direct phosphopeptide evidence (Table S2; 
for this group of proteins, we did not observe corresponding phosphopeptides in all cases, so we refer to them as 
phosphoenriched proteins). 221 unique phosphopeptides were identified from the phosphoprotein enrichment, 
further raising total of uniquely identified phosphopeptides to 8202 when added to those from the phosphopep-
tide enrichment. Phosphopeptide and phosphoprotein enrichment together identified a combined total of 4317 
unique proteins with only limited overlap (958 proteins, representing 22%) between phosphopeptide enrichment 
(HILIC/IMAC/TiO2), and phosphoprotein enrichment (Fig. 1b). To demonstrate the differential sensitivity of 
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both methods, we then used iBAQ values, published by37, for the proteins identified with both approaches. The 
use of the human T-cell line Jurkat as reference and the comparison to a measured total cell lysate allows the esti-
mation of the relative abundance of the detected proteins in both phosphoproteomic methods (Fig. 1c).

Figure 1. Comparison of phosphoprotein enrichment and phosphopeptide enrichment strategies.  
(a) Workflow for phosphoproteomic analysis of IL-23R signaling on protein and peptide level. Experimental 
repeats refer to proteomics discovery experiments only, and validation experiments were performed 
independently. (b) Proteins identified following phosphopeptide and phosphoprotein enrichment share only 
limited overlap, demonstrating high complementarity of the 2 approaches. (c) The relative abundance profile of 
identified proteins by phosphopeptides (IMAC peptides only) and phosphoproteins as compared to the whole 
proteome demonstrate higher sensitivity of the phosphopeptide approach.

Figure 2. Gene Ontology (biological process) term enrichment analysis. We extracted gene ontology terms 
(and their background frequency - blue bars) for the lists of identified proteins following phosphopeptide 
enrichment and phosphoprotein enrichment. The top 15 pathways are shown. (a) We identified 50 of 115 
proteins in “stress-activated MAPK cascade (GO:0051403) and several TLR associated signaling pathways (grey 
bars). Several of the 15 best covered GO terms are also covered by phosphoprotein enrichment (orange bars). 
(b) Proteins identified following phosphoprotein enrichment cover other biological processes than following 
phosphopeptide enrichment, highlighting the complementary nature of the two phosphoproteomic approaches.
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In accordance with the limited overlap of proteins and different sensitivity between both phosphoproteomic 
approaches, we observed that different cellular functions are enriched after gene ontology analysis (GO, gene_
ontology_edit.obo.2014-12-01) of identified phospho-enriched proteins (Fig. 2). The peptide-based method 
enriched for protein expression profiles associated with MAP kinase signaling or Toll-like receptor signaling, 
whereas phosphoprotein enrichment led to signatures related to basic cellular mechanisms such as DNA damage 
repair and translation. It is of note that we observed almost no overlap in the 15 most enriched cellular functions 
between the phosphoproteomic approaches.

We applied several statistical approaches to delineate relevant phosphorylated proteins and phosphosites that 
were found to be either up- or down-regulated after IL-23 stimulation (Fig. S1). For instance, we found that a 
p-value approach (volcano plots) appear to be more reliable for phosphopeptides (Fig. S1a,b), whereas a soft 

Peptide
Protein 

Accession Protein Description Start End

Observed 
Phospho-

sites

FOLD 
CHANGE* 
(P-peptide)

FOLD 
CHANGE** 
(P-protein)

WSAPESR P54253 Ataxin-1 774 780 S775 4.7 2.4

LDIDSPPITAR P14618 Pyruvate kinase PKM 33 43 S37 1.5 0.2

LIDRTESLNR P33241 Lymphocyte-specific protein 1 198 207 S204 3.1 0.2

ACFHCETCK Q14847 LIM and SH3 domain protein 1/
LASP-1 28 36 T34 2.9 0.3

Table 1. List of selected IL-23 downstream targets with regulated phosphorylation sites. We list 
phosphorylated proteins detected in both, the phosphopeptide and phosphoprotein enrichment approaches, 
for which the most prevalent changes (up- or down-regulation) after IL-23 stimulation (0 versus 30 min) were 
measured. The columns are showing phosphopeptides identified with corresponding protein accession number 
(UniProt), protein description, start and end amino acid position of identified phosphopeptide within the 
protein, quantitation represented by the phosphopeptide mass peak intensity ratio of stimulated/unstimulated 
conditions (∗) and relative protein abundance in whole phosphoprotein enriched fractions measured by label-
free quantitation MS for IL-23 stimulated samples (30 min) normalized to unstimulated sample (0 min) (∗∗).

Figure 3. Activation of STAT3 signaling in Kit225 cells stimulated with IL-23. (a) Kinetics of Tyr705 
and Ser727 STAT3 phosphorylation (whole cell lysate) in response to IL-23 stimulation. Western Blot and 
quantitation of pTyr705 STAT3/STAT3 and pSer727 STAT3/STAT3 (normalized to total STAT3 levels) are 
shown. (b) Relative abundance of pTyr705 and pSer727 STAT3 peptides as detected by LC-MS (extracted ion 
chromatograms). (c) Levels of total STAT3 detected in soluble phosphoenriched (P-enriched) protein fractions 
after IL-23 stimulation as measured by label-free quantitation MS (LFQ-MS: quantitation is based on all STAT3 
derived peptides identified in two technical duplicates, top panel). pTyr705 STAT3 and total STAT3 levels 
detected by Western Blot (bottom panel) before (Input) and after phosphoenrichment (P-enriched).
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clustering approach (Mfuzz) considering all measured time points was more accurately describing changes in 
phosphoproteins (Fig. S1d–f). Principal component analysis (PCA) (Fig. S1c) showed that variance in protein 
expression profiles had little correlation with significantly changing phosphopeptides. Proteins for which altera-
tions were observed at the protein as well as specific phosphosite levels are summarized in Tables 1 and S3).

IL-23 triggers STAT3 phosphorylation and nuclear translocation. As an initial validation exper-
iment, Kit225 cells known to respond to IL-12 stimulation38 and expressing the IL-23R subunit (Fig. S2) were 
stimulated with recombinant human IL-23, and a time-dependent increase in phosphorylated STAT3 at the posi-
tions pTyr705 and pSer727 was observed (Fig. 3a). Using tandem mass spectrometry, we were able to monitor 
an increase in phosphorylation on those sites after 30 minutes of stimulation on the peptide level as quantified by 
differences in dimethyl labelled peptides and comparing their integrated MS spectra between samples (Fig. 3b). 
The pSer727 STAT3 site was detected in all three (datasets A, B and C) and the pTyr705 STAT3 site in the two 
datasets where an input of ~108 cells starting material was used per time point (datasets A and B). To complement 
the phosphopeptide data, we performed phosphoprotein enrichment after simulating Kit225 cells with IL-23 
for the indicated amount of times and were analyzing total protein levels in the phosphoenriched samples using 
label-free quantitative (LFQ) MS. Interestingly, we observed a decrease in total STAT3 levels over time after IL-23 
stimulation (Fig. 3c top panel). We were able to confirm this result in three independent biological replicates by 
blotting for total STAT3 in the phosphoprotein enriched fractions (Fig. 3c, Supplemental Fig. S3a). Stimulation 
of Kit225 cells with recombinant IL-2 resulted in an increase in pTyr705 and pSer727 STAT3 (Fig. S3b). We also 
noted a decrease in total STAT3 levels after IL-2 stimulation in the phosphoprotein enrichment samples as quan-
tified by MS and Western Blot (Fig. S3c,d).

To investigate whether decrease in STAT3 levels after cytokine stimulation in the phosphoprotein enriched 
samples was due to a translocation to the nucleus, we stimulated Kit225 cells as before followed by separation 
of cytosolic and nuclear enriched protein fractions and blotting for phosphorylated and non-phosphorylated 
STAT3. We observed a rapid increase in phosphorylation of Tyr705 in the nuclear enriched fraction as compared 
to the cytosolic one after stimulation with IL-23 (Fig. 4a,b) which was much less pronounced in cells stimu-
lated with IL-2 (Fig. S4a). Also, the phosphorylation increase for the site pTyr705 was stronger than for pSer727 
(Figs 3a and 4a).

To further quantify the observed dynamics on Tyr705 STAT3 phosphorylation, we stimulated Kit225 cells 
with IL-23 for 30 min, separated cytosolic and nuclear fractions followed by immunoprecipitation of STAT3 and 
quantitation of phosphorylation sites by mass spectrometry (Fig. 5a). Protein sequence coverage of immunopre-
cipitated STAT3 was 80%, including a tryptic peptide fragment containing phosphorylated Tyr705 (Fig. 5b) ena-
bling its quantitation. Analysis of STAT3 pTyr705 levels in the cytosol and nucleus before and after stimulation 
with IL-23 showed a drastic increase of pTyr705 in the nucleus, but phosphorylation of this residue was close to 
the limit of detection in the cytosol (Fig. 5b,c). To calculate the occupancy of pTyr705 depending on stimulation 
and subcellular localization of STAT3, we applied a correction factor to account for the difference in ionization 
efficiency39 between the phosphorylated peptide species and its non-phosphorylated counterpart. Assuming that 
the loss of detected signal-intensity of the Tyr705 peptide after stimulation should equal the gain of the pTyr705 
signal, the difference in ionization efficiency can be inferred to be ~4.3-fold higher for the non-phosphorylated 
form as compared to its non-phosphorylated counterpart (Fig. S7). Based on this, we were able to determine the 
quantities of different STAT3 forms and their localization before and after stimulation. pTyr705 phosphorylation 
represents 38% of the total STAT3 material predominantly localized in the nucleus after 30 min stimulation with 
IL-23 (Fig. 5c).

Our MS results were confirmed by Western Blotting, showing that pTyr705 STAT3/STAT3 similarly increased 
in the nuclear fraction after 30 minutes of cytokine stimulation (Fig. S5c). There was no significant increase in 

Figure 4. STAT3 phosphorylation in cytosol and nuclear enriched fractions in response to stimulation with 
IL-23. (a) Representative Western Blot of phosphorylated and total STAT3 in cytoplasmic and nuclear enriched 
protein fraction, (b) Quantitation of pTyr705 STAT3/STAT3 levels by Western Blot in cytoplasm (black) and 
nuclear enriched fraction (grey) in response to IL-23 stimulation, n =  3; p value indicated for comparison of 
nuclear pTyr705 STAT3/STAT3 levels between 0 and 30 minutes (paired t test using log-transformed data).
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phosphorylation of pSer727 in nuclear STAT3 between unstimulated and stimulated cells as opposed to what 
has been observed for the pTyr705 site (Fig. S5b,c). Together, we conclude that IL-23 leads to Tyr705 and Ser727 
STAT3 phosphorylation and increased levels of pTyr705 STAT3 in the nucleus.

Expanding the IL-23R phosphorylation cascade. Interrogation of our phosphoproteomic data for 
overlapping information between the phosphopeptide and phosphoprotein enrichment strategies revealed a 
number of novel proteins with induced site-specific phosphorylations which have not been described in the con-
text of IL-23 signaling before. These include pyruvate kinase PKM2 (pSer37), lymphocyte specific protein LSP1 
(pSer204), LIM and SH3 domain protein 1 LASP1 (pThr34) and Ataxin (pSer775) (Tables 1 and S3 and Fig. S1c). 
PKM2 was previously shown to phosphorylate STAT3 pTyr705 in the nucleus directly40, so we further examined 
total and phosphoprotein levels of PKM2 after IL-23 stimulation (Fig. 6 and Fig. S6).

IL-23 triggers PKM2 phosphorylation, nuclear translocation and activates glycolysis. Quantitation  
of PKM2 protein levels by mass spectrometry and immunoblotting in phosphoenriched protein fractions 
revealed a decrease after IL-23 stimulation as compared to total input (Fig. 6a). Analog to STAT3, we observed an 
accumulation of the phosphorylated form of PKM2 (pSer37) in nuclear enriched fractions as a response to IL-23 
stimulation (Fig. 6b). The vast majority of STAT3 and PKM2 phosphorylation appears to occur within the nuclear 
compartment as assessed by immunoblotting (Figs 4 and 6) and quantitative mass spectrometry (Figs 6 and 7). 
These effects were not observed to the same extent when cells where stimulated with IL-2 (Figs S6a,b and S4c). 
To further validate effects of PKM2 downstream signaling, we analyzed glycolytic gene expression. There were 
significant changes in HIF1A (hypoxia inducible factor alpha) and LDH (lactate dehydogenase), but not GLUT1 
(glucose transporter type 1) mRNA levels in Kit225 cells stimulated with IL-23 or IL-2 for 24 h as compared to 
control cells (Fig. 6d). In addition, we measured intracellular lactate levels in IL-23 or TCR stimulated Kit225 
cells versus rested cells after 24 h by GCxGC-MS and found increased lactate levels in response to both stimuli 
(Fig. 6e). Neither IL-23 nor TCR stimulation in Kit225 cells result in cell proliferation in contrast to IL-2 stimu-
lation. Taken together, these results expand the range of IL-23 induced signaling towards activation of glycolysis.

Discussion
In our study, we compared the two different phosphoproteomic strategies and found that both methods are highly 
complementary in protein identifications and coverage of cellular functions (Figs 1 and 2). As most proteins in 

Figure 5. Immunoprecipitation of endogenous STAT3 and phosphosite analysis. (a) IP Workflow.  
(b,c) Extracted ion chromatograms (XIC) of nucleus/cytosol detected Tyr705 covering peptide of STAT3 in 
phosphorylated and non-phosphorylated form after IL-23 stimulation. pTyr705 is induced in the cytosol and 
nucleus after stimulation while the cytosol/nucleus ratio of the non-phosphorylated variant is not changed. 
However, the absolute amount of Tyr705 unphosphorylated STAT3 is decreased by the number of molecules 
phosphorylated after induction. The combined data allows the calculation of a correction factor for the 
differential ionisation efficiency of phosphorylated and unphosphorylated form of the peptide (Fig. S7).  
(d) We modelled the occupancy of pTyr705 in the two subcellular compartments depending on IL-23 
stimulation after quantitation by XIC. As ionization efficiency can be different for the phosphorylated 
form of the Tyr705 covering peptide, we calculated a correction factor, assuming that the decrease in non-
phosphosignal equals the gain of the phosphosignal, indicating a 4.3-fold lower ionization efficiency for the 
phosphorylated peptide. The application of this factor to measured intensities allows the calculation of the 
pTyr705 occupancy.
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the cell become phosphorylated at any time during their lifetime, phosphoprotein enrichment may suffer more 
from the detection of off-target and background phosphorylation than at the phosphopeptide. As a consequence, 
phosphoenrichment on the protein level appears to detect proteins at the higher end of protein abundance in the 
cell, while proteins identified following phosphopeptide enrichment are generally less abundant. Therefore, inte-
gration of the two methods increases the range of phosphoproteome coverage (Fig. 1c). Another disadvantage of 
phospho-enrichment on the protein level is the method’s susceptibility to enrich proteins containing domains of 
highly enriched acidic amino acid residues and possible co-enrichment of protein interaction partners irrespec-
tive of phosphorylation status. It can be assumed that all proteins have a certain affinity to the IMAC resin which 
is then further increased by phosphorylation, resulting in a dilution effect of differentially observed phosphoryla-
tion events. At the protein level, quantitation of a phosphorylation event is supported by mostly multiple peptides 
rather than a single (phosphorylated) one. This is also beneficial for normalization as enriched (phosphorylated 
proteins) can be compared to the non-differential co-enrichment of non-specific binders, therefore advocating 
affinity enrichment rather than affinity purification41.

We applied a statistical approach based on the ‘significance A’ p-value method42 to both phosphopeptide and 
phosphoprotein enriched samples and found slightly different traits between differentially regulated phospho-
material on the peptide versus protein level (Fig. S1a,b). This can be explained by the fact that phosphoproteins 
mostly contain multiple phosphorylation sites from which only one or a few are regulated during stimulation, 
hence affecting enrichment in a different fashion than at the peptide level. In addition, phosphorylation linked to 
subcellular translocation can further complicate such analyses as changes in phosphorylation at lower ratios may 
also be biologically relevant. To better reflect subcellular localization at a statistical level, we applied a soft cluster-
ing approach taking into account all time points measured during cytokine stimulation (Fig. S1c). This analysis 

Figure 6. PKM2 phosphorylation, nuclear translocation and activation of glycolysis after IL-23 
stimulation. (a) Levels of total PKM2 detected in phosphoenriched protein fractions after IL-23 stimulation 
measured by label free quantitation MS (LFQ-MS, top panel). pSer37 PKM2 and total PKM2 levels detected 
by Western Blot either before (Input) or after phosphoenrichment (P-enriched proteins). Representative Blots 
from experiment 1 are shown (bottom panel). (b) Representative Western Blot of phosphorylated and total 
PKM2 in cytoplasmic and nuclear enriched protein fractions. (c) Quantitation of pSer37 PKM2 and PKM2 
levels shown as pSer37 PKM2/PKM2 ratios by Western Blot in cytoplasm (black) and nuclear enriched fraction 
(grey) in response to IL-23 stimulation, n =  3; p value indicated for comparison between nuclear pSer37 PKM2/
PKM2 levels between 0 and 30 minutes (paired t test using log-transformed data). (d) HIF1A, LDHA and 
GLUT1 gene expression assessed by RT-PCR in Kit225 cells stimulated with IL-23 or IL-2 for 24 h vs. control 
(normalized to RPLPO levels, unstimulated cells rested for 24 h). Data represent means ±  SD of 3 independent 
experiments; ∗p <  0.05, ∗∗p <  0.05 (paired t test using log-transformed data). (e) Intracellular lactate measured 
by GC-MS in cells treated with IL-23 or TCR stimulation for 24 h vs control (cells rested for 24 h). Values shown 
are mean ±  standard deviations (SD) of n =  3 technical replicates and are normalized to basal levels at t =  0 h. 
∗p <  0.05, 8 ∗∗p <  0.05 (unpaired t test).
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showed very little overlap with the statistical method used to describe changes observed at the phosphopeptide 
level. However, soft clustering of protein expression profiles revealed multiple proteins that are translocated to 
the nucleus after cytokine stimulation, representing part of a wider signaling wave (Fig. S1d–f). For instance, 
next to PKM2 (Fig. S1f), we have also observed similar trends for other proteins such as CDK6, LSP1, LASP1 
and OTUB1 in our MS experiments (Tables 1 and S3). Phosphorylation of OTUB1 on Ser16 has been implicated 
in nuclear targeting43. While pThr34 LASP-1 is a site that has not been reported previously, phosphorylation of 
LASP-1 on Ser146 we detected to be 1.4-fold increased upon IL-23 stimulation (Table 1) has been reported to 
induce nuclear translocation of LASP-144. LSP-1 and CDK6, which have been shown to phosphorylate p65 in the 
nucleus, act as transcriptional co-activators inducing pro-inflammatory gene expression and are also phospho-
rylated, but this has not yet been described in the context of nuclear targeting45–48.

STAT3 becomes phosphorylated at multiple sites including Tyr705 and Ser727 by a variety of stimuli, followed 
by dimerization and translocation to the nucleus49. Interestingly, translocation has been shown to be tyrosine 
phosphorylation independent50. Our quantitative data sheds unprecedented details into this process showing that 
in rested T-cells, comparable numbers of STAT3 molecules reside in the cytosol (59%) and also in the nucleus 
(41%) (Figs 4 and 7). The levels of pTyr705 STAT3 in rested cells are not detectable (Fig. 5b). Upon stimulation 
with IL-23, a small proportion of cytosolic STAT3 becomes phosphorylated on Tyr705, while a notable propor-
tion of nuclear STAT3 molecules (38%) become phosphorylated on Tyr705 after 30 minutes. Quantitation of 
the different STAT3 molecule populations suggest that phosphorylation of the nuclear portion occurs as well as 
nuclear translocation of phosphorylated species (Fig. 7). IL-23 induced a much higher level of additional pTyr705 
STAT3 phosphorylation as compared to IL-2 (Fig. 4, Figs S3 and S4). This would suggest additional STAT3 phos-
phorylation events in the nucleus after and/or independent of translocation. Interestingly, PKM2 can phospho-
rylate STAT3 on Tyr705 in a JAK2, c-Src independent mechanism40. PKM2 was also identified as being associated 
with STAT351. Of note is that we find c-Src at decreased levels in total phosphoprotein enrichment experiments 
(Table S2 and S3). A small subset of PKM2 translocates into the nucleus in response to EGFR stimulation upon 
pSer37 phosphorylation52. pSer37 PKM2 recruits PIN1 for cis-trans isomerization of PKM2, which promotes 
PKM2 binding to importin α 5 and translocating to the nucleus. This has been shown to be Erk1/2 dependent and 
contribute to the Warburg effect53. Furthermore, PKM2 dimers promote cell proliferation, and PKM2 protein 
kinase activity is essential for tumor growth40. Our results would suggest a similar outcome after IL-23 stimula-
tion in T cells. Not surprisingly, stimulating the IL-2 dependent Kit225 cell line with IL-2 resulted in proliferation 
and hence induction of glycolysis due to cell proliferation described for lymphocytes54, and we also observed 
the same pattern of HIF1A, LDH and GLUT1 gene induction after IL-23 stimulation without resulting in cell 
proliferation within 24 hours. Consistent with this, we confirmed lactate production in response to IL-23 using 
TCR stimulation as control. TCR based activation is known to induce lactate production via induction of GLUT-1 
surface expression, promoting glucose uptake55,56. T cells under TH17 polarizing conditions undergo a HIF1-α  
dependent metabolic switch to glycolysis, and our data indicates that IL-23 might be contributing to this effect via 
PKM2 and HIF1-α 57. IL-23 is also induced by lactate58, thereby possibly leading to a positive loop effect. HIF1-α  
induction has been associated to IL-23 in dendritic cells59 and a link between HIF1-α  and PKM2 has been estab-
lished in cancer cells60. PKM2 may therefore exert more than one function and next to its role in glycolysis, it can 
also activate transcription by acting as a protein kinase40. Taken together, IL-23, notably signaling through PKM2/
STAT3, might contribute to the metabolic T cell phenotype of Th17 cells and, together with IL-661, may constitute 
an essential factor for lineage commitment.

Figure 7. IL-23 triggers phosphorylation and nuclear translocation of STAT3 and PKM2. Phosphorylation 
events after IL-23 stimulation include STAT3 phosphorylation on Tyr705 by the kinases JAK in the cytosol62 
but also other enzymes such as PKM2, a fraction of which also translocates to the nucleus. As the abundance 
of pSer37 PKM2 in the cytosol appears static (Fig. 6b), we hypothesize that a proportion of pSer37 PKM2 
accumulates in the nucleus. Together with the data presented in Fig. 6a, these observations indicate the nuclear 
translocation of a fraction of PKM2. Quantitative mass spectrometry allowed the determination of the different 
STAT3 protein and phosphorylation stoichiometries within the cytosol and nucleus (Fig. 5b,c). STAT3 Tyr705 
phosphorylation also increases after nuclear translocation, and kinases such as PKM2 may contribute to this 
signaling cascade.



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:24491 | DOI: 10.1038/srep24491

References
1. Liu, Y. & Chance, M. R. Integrating phosphoproteomics in systems biology. Computational and structural biotechnology journal 10, 

90–97, doi: 10.1016/j.csbj.2014.07.003 (2014).
2. Ozlu, N. et al. Phosphoproteomics. Wiley interdisciplinary reviews. Systems biology and medicine 2, 255–276, doi: 10.1002/wsbm.41 

(2010).
3. Macek, B., Mann, M. & Olsen, J. V. Global and site-specific quantitative phosphoproteomics: principles and applications. Annual 

review of pharmacology and toxicology 49, 199–221, doi: 10.1146/annurev.pharmtox.011008.145606 (2009).
4. Ruprecht, B. et al. Comprehensive and reproducible phosphopeptide enrichment using iron immobilized metal ion affinity 

chromatography (Fe-IMAC) columns. Molecular & cellular proteomics: MCP 14, 205–215, doi: 10.1074/mcp.M114.043109 (2015).
5. Posewitz, M. C. & Tempst, P. Immobilized gallium(III) affinity chromatography of phosphopeptides. Analytical chemistry 71, 

2883–2892 (1999).
6. Neville, D. C. et al. Evidence for phosphorylation of serine 753 in CFTR using a novel metal-ion affinity resin and matrix-assisted 

laser desorption mass spectrometry. Protein science: a publication of the Protein Society 6, 2436–2445, doi: 10.1002/pro.5560061117 
(1997).

7. Pinkse, M. W., Uitto, P. M., Hilhorst, M. J., Ooms, B. & Heck, A. J. Selective isolation at the femtomole level of phosphopeptides from 
proteolytic digests using 2D-NanoLC-ESI-MS/MS and titanium oxide precolumns. Analytical chemistry 76, 3935–3943, doi: 
10.1021/ac0498617 (2004).

8. Sano, A. & Nakamura, H. Titania as a chemo-affinity support for the column-switching HPLC analysis of phosphopeptides: 
application to the characterization of phosphorylation sites in proteins by combination with protease digestion and electrospray 
ionization mass spectrometry. Analytical sciences: the international journal of the Japan Society for Analytical Chemistry 20, 861–864 
(2004).

9. Larsen, M. R., Thingholm, T. E., Jensen, O. N., Roepstorff, P. & Jorgensen, T. J. Highly selective enrichment of phosphorylated 
peptides from peptide mixtures using titanium dioxide microcolumns. Molecular & cellular proteomics:MCP 4, 873–886, doi: 
10.1074/mcp.T500007-MCP200 (2005).

10. Zhou, H. et al. Toward a comprehensive characterization of a human cancer cell phosphoproteome. Journal of proteome research 12, 
260–271, doi: 10.1021/pr300630k (2013).

11. Engholm-Keller, K. et al. TiSH–a robust and sensitive global phosphoproteomics strategy employing a combination of TiO2, 
SIMAC, and HILIC. Journal of proteomics 75, 5749–5761, doi: 10.1016/j.jprot.2012.08.007 (2012).

12. McNulty, D. E. & Annan, R. S. Hydrophilic interaction chromatography reduces the complexity of the phosphoproteome and 
improves global phosphopeptide isolation and detection. Molecular & cellular proteomics: MCP 7, 971–980, doi: 10.1074/mcp.
M700543-MCP200 (2008).

13. Navarro, M. N., Goebel, J., Hukelmann, J. L. & Cantrell, D. A. Quantitative phosphoproteomics of cytotoxic T cells to reveal protein 
kinase d 2 regulated networks. Molecular & cellular proteomics: MCP 13, 3544–3557, doi: 10.1074/mcp.M113.037242 (2014).

14. Navarro, M. N., Feijoo-Carnero, C., Arandilla, A. G., Trost, M. & Cantrell, D. A. Protein kinase D2 is a digital amplifier of T cell 
receptor-stimulated diacylglycerol signaling in naive CD8(+ ) T cells. Science signaling 7, ra99, doi: 10.1126/scisignal.2005477 
(2014).

15. Salek, M. et al. Quantitative phosphoproteome analysis unveils LAT as a modulator of CD3zeta and ZAP-70 tyrosine 
phosphorylation. Plos one 8, e77423, doi: 10.1371/journal.pone.0077423 (2013).

16. Wu, C. J., Chen, Y. W., Tai, J. H. & Chen, S. H. Quantitative phosphoproteomics studies using stable isotope dimethyl labeling 
coupled with IMAC-HILIC-nanoLC-MS/MS for estrogen-induced transcriptional regulation. Journal of proteome research 10, 
1088–1097, doi: 10.1021/pr100864b (2011).

17. Ruperez, P., Gago-Martinez, A., Burlingame, A. L. & Oses-Prieto, J. A. Quantitative phosphoproteomic analysis reveals a role for 
serine and threonine kinases in the cytoskeletal reorganization in early T cell receptor activation in human primary T cells. 
Molecular & cellular proteomics: MCP 11, 171–186, doi: 10.1074/mcp.M112.017863 (2012).

18. Trost, M., Bridon, G., Desjardins, M. & Thibault, P. Subcellular phosphoproteomics. Mass spectrometry reviews 29, 962–990, doi: 
10.1002/mas.20297 (2010).

19. Osinalde, N. et al. Simultaneous dissection and comparison of IL-2 and IL-15 signaling pathways by global quantitative 
phosphoproteomics. Proteomics 15, 520–531, doi: 10.1002/pmic.201400194 (2015).

20. Storvold, G. L. et al. Quantitative profiling of tyrosine phosphorylation revealed changes in the activity of the T cell receptor 
signaling pathway upon cisplatin-induced apoptosis. Journal of proteomics 91, 344–357, doi: 10.1016/j.jprot.2013.07.019 (2013).

21. Osinalde, N. et al. Interleukin-2 signaling pathway analysis by quantitative phosphoproteomics. Journal of proteomics 75, 177–191, 
doi: 10.1016/j.jprot.2011.06.007 (2011).

22. de Wet, B., Zech, T., Salek, M., Acuto, O. & Harder, T. Proteomic characterization of plasma membrane-proximal T cell activation 
responses. The Journal of biological chemistry 286, 4072–4080, doi: 10.1074/jbc.M110.165415 (2011).

23. Brockmeyer, C. et al. T cell receptor (TCR)-induced tyrosine phosphorylation dynamics identifies THEMIS as a new TCR 
signalosome component. The Journal of biological chemistry 286, 7535–7547, doi: 10.1074/jbc.M110.201236 (2011).

24. Hue, S. et al. Interleukin-23 drives innate and T cell-mediated intestinal inflammation. The Journal of experimental medicine 203, 
2473–2483, doi: 10.1084/jem.20061099 (2006).

25. Frucht, D. M. IL-23: a cytokine that acts on memory T cells. Science’s STKE: signal transduction knowledge environment 2002, pe1, 
doi: 10.1126/stke.2002.114.pe1 (2002).

26. Geremia, A. et al. IL-23-responsive innate lymphoid cells are increased in inflammatory bowel disease. The Journal of experimental 
medicine 208, 1127–1133, doi: 10.1084/jem.20101712 (2011).

27. Buonocore, S. et al. Innate lymphoid cells drive interleukin-23-dependent innate intestinal pathology. Nature 464, 1371–1375, doi: 
10.1038/nature08949 (2010).

28. Ahern, P. P. et al. Interleukin-23 drives intestinal inflammation through direct activity on T cells. Immunity 33, 279–288, doi: 
10.1016/j.immuni.2010.08.010 (2010).

29. Gaffen, S. L., Jain, R., Garg, A. V. & Cua, D. J. The IL-23-IL-17 immune axis: from mechanisms to therapeutic testing. Nat Rev 
Immunol 14, 585–600, doi: 10.1038/nri3707 (2014).

30. Polgar, N. et al. Investigation of JAK2, STAT3 and CCR6 polymorphisms and their gene-gene interactions in inflammatory bowel 
disease. Int J Immunogenet 39, 247–252, doi: 10.1111/j.1744-313X.2012.01084.x (2012).

31. Yang, L. et al. Impaired function of regulatory T cells in patients with psoriasis is mediated by phosphorylation of STAT3. J Dermatol 
Sci, doi: 10.1016/j.jdermsci.2015.11.007 (2015).

32. Wessel, D. & Flugge, U. I. A method for the quantitative recovery of protein in dilute solution in the presence of detergents and 
lipids. Analytical biochemistry 138, 141–143 (1984).

33. Boersema, P. J., Raijmakers, R., Lemeer, S., Mohammed, S. & Heck, A. J. Multiplex peptide stable isotope dimethyl labeling for 
quantitative proteomics. Nature protocols 4, 484–494, doi: 10.1038/nprot.2009.21 (2009).

34. Hammond, D. et al. Melanoma-associated mutations in protein phosphatase 6 cause chromosome instability and DNA damage 
owing to dysregulated Aurora-A. Journal of cell science 126, 3429–3440, doi: 10.1242/jcs.128397 (2013).

35. Jensen, S. S. & Larsen, M. R. Evaluation of the impact of some experimental procedures on different phosphopeptide enrichment 
techniques. Rapid Commun Mass Spectrom 21, 3635–3645, doi: 10.1002/rcm.3254 (2007).



www.nature.com/scientificreports/

1 1Scientific RepoRts | 6:24491 | DOI: 10.1038/srep24491

36. Rappsilber, J., Mann, M. & Ishihama, Y. Protocol for micro-purification, enrichment, pre-fractionation and storage of peptides for 
proteomics using StageTips. Nature protocols 2, 1896–1906, doi: 10.1038/nprot.2007.261 (2007).

37. Geiger, T., Wehner, A., Schaab, C., Cox, J. & Mann, M. Comparative proteomic analysis of eleven common cell lines reveals 
ubiquitous but varying expression of most proteins. Molecular & cellular proteomics: MCP 11, M111 014050, doi: 10.1074/mcp.
M111.014050 (2012).

38. Mehrotra, P. T., Grant, A. J. & Siegel, J. P. Synergistic effects of IL-7 and IL-12 on human T cell activation. Journal of immunology 154, 
5093–5102 (1995).

39. Steen, H., Jebanathirajah, J. A., Rush, J., Morrice, N. & Kirschner, M. W. Phosphorylation analysis by mass spectrometry: myths, 
facts, and the consequences for qualitative and quantitative measurements. Molecular & cellular proteomics: MCP 5, 172–181, doi: 
10.1074/mcp.M500135-MCP200 (2006).

40. Gao, X., Wang, H., Yang, J. J., Liu, X. & Liu, Z. R. Pyruvate kinase M2 regulates gene transcription by acting as a protein kinase. 
Molecular cell 45, 598–609, doi: 10.1016/j.molcel.2012.01.001 (2012).

41. Keilhauer, E. C., Hein, M. Y. & Mann, M. Accurate protein complex retrieval by affinity enrichment mass spectrometry (AE-MS) 
rather than affinity purification mass spectrometry (AP-MS). Molecular & cellular proteomics: MCP 14, 120–135, doi: 10.1074/mcp.
M114.041012 (2015).

42. Cox, J. & Mann, M. MaxQuant enables high peptide identification rates, individualized p.p.b.-range mass accuracies and proteome-
wide protein quantification. Nat Biotechnol 26, 1367–1372, doi: 10.1038/nbt.1511 (2008).

43. Herhaus, L. et al. Casein kinase 2 (CK2) phosphorylates the deubiquitylase OTUB1 at Ser16 to trigger its nuclear localization. 
Science signaling 8, ra35, doi: 10.1126/scisignal.aaa0441 (2015).

44. Mihlan, S. et al. Nuclear import of LASP-1 is regulated by phosphorylation and dynamic protein-protein interactions. Oncogene 32, 
2107–2113, doi: 10.1038/onc.2012.216 (2013).

45. Handschick, K. et al. Cyclin-dependent kinase 6 is a chromatin-bound cofactor for NF-kappaB-dependent gene expression. 
Molecular cell 53, 193–208, doi: 10.1016/j.molcel.2013.12.002 (2014).

46. Gringhuis, S. I., Kaptein, T. M., Wevers, B. A., Mesman, A. W. & Geijtenbeek, T. B. Fucose-specific DC-SIGN signalling directs T 
helper cell type-2 responses via IKKepsilon- and CYLD-dependent Bcl3 activation. Nature communications 5, 3898, doi: 10.1038/
ncomms4898 (2014).

47. Buss, H. et al. Cyclin-dependent kinase 6 phosphorylates NF-kappaB P65 at serine 536 and contributes to the regulation of 
inflammatory gene expression. Plos one 7, e51847, doi: 10.1371/journal.pone.0051847 (2012).

48. Kohrt, D. M., Crary, J. I., Gocheva, V., Hinds, P. W. & Grossel, M. J. Distinct subcellular distribution of cyclin dependent kinase 6. 
Cell cycle 8, 2837–2843 (2009).

49. Nielsen, M., Svejgaard, A., Skov, S. & Odum, N. Interleukin-2 induces tyrosine phosphorylation and nuclear translocation of stat3 
in human T lymphocytes. Eur J Immunol 24, 3082–3086, doi: 10.1002/eji.1830241225 (1994).

50. Liu, L., McBride, K. M. & Reich, N. C. STAT3 nuclear import is independent of tyrosine phosphorylation and mediated by importin-
alpha3. Proceedings of the National Academy of Sciences of the United States of America 102, 8150–8155, doi: 10.1073/
pnas.0501643102 (2005).

51. Blumert, C. et al. Analysis of the STAT3 interactome using in-situ biotinylation and SILAC. Journal of proteomics 94, 370–386, doi: 
10.1016/j.jprot.2013.08.021 (2013).

52. Demaria, M. & Poli, V. PKM2, STAT3 and HIF-1alpha: The Warburg’s vicious circle. Jak-Stat 1, 194–196, doi: 10.4161/jkst.20662 
(2012).

53. Yang, W. et al. ERK1/2-dependent phosphorylation and nuclear translocation of PKM2 promotes the Warburg effect. Nature cell 
biology 14, 1295–1304, doi: 10.1038/ncb2629 (2012).

54. Wang, T., Marquardt, C. & Foker, J. Aerobic glycolysis during lymphocyte proliferation. Nature 261, 702–705 (1976).
55. Jacobs, S. R. et al. Glucose uptake is limiting in T cell activation and requires CD28-mediated Akt-dependent and independent 

pathways. Journal of immunology 180, 4476–4486 (2008).
56. Frauwirth, K. A. et al. The CD28 signaling pathway regulates glucose metabolism. Immunity 16, 769–777 (2002).
57. Shi, L. Z. et al. HIF1alpha-dependent glycolytic pathway orchestrates a metabolic checkpoint for the differentiation of TH17 and 

Treg cells. The Journal of experimental medicine 208, 1367–1376, doi: 10.1084/jem.20110278 (2011).
58. Peter, K., Rehli, M., Singer, K., Renner-Sattler, K. & Kreutz, M. Lactic acid delays the inflammatory response of human monocytes. 

Biochem Biophys Res Commun 457, 412–418, doi: 10.1016/j.bbrc.2015.01.005 (2015).
59. Spadaro, A. et al. HIF1a is Induced by the Pro-Inflammatory IL-23 in Dendritic Cells but Not Macrophages. J of Surgical Research 

186, 688 (2014).
60. Luo, W. et al. Pyruvate kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible factor 1. Cell 145, 732–744, doi: 10.1016/j.

cell.2011.03.054 (2011).
61. Barbi, J., Pardoll, D. & Pan, F. Metabolic control of the Treg/Th17 axis. Immunol Rev 252, 52–77, doi: 10.1111/imr.12029 (2013).
62. Lo, R. K., Cheung, H. & Wong, Y. H. Constitutively active Galpha16 stimulates STAT3 via a c-Src/JAK- and ERK-dependent 

mechanism. The Journal of biological chemistry 278, 52154–52165, doi: 10.1074/jbc.M307299200 (2003).

Acknowledgements
We thank Dr. Benjamin Thomas and Svenja Hester for expert help with the mass spectrometry analysis. We thank 
Dr. Maria Navarro for providing the Kit225 cell line and for helpful advice. We also thank members of the Kessler 
group for insightful discussions. CL was funded by the Swiss National Foundation (PBBPS3-138698), and RF and 
BMK were supported by the Kennedy Trust Fund. PC is funded by the John Fell Fund 133/075 and the Wellcome 
Trust 097813/Z/11/Z to BMK.

Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final 
version of the manuscript. C.L., F.P. and B.M.K. designed the project. C.L. carried out the experiments, R.F. and 
Z.Y. the mass spectrometry analysis. R.F., P.D.C., C.L. and B.M.K. did the data analysis, and C.L., R.F., F.P. and 
B.M.K. wrote the manuscript.

Additional Information
Data Availability: The mass spectrometry proteomics data have been deposited to the ProteomeXchange 
Consortium via the PRIDE partner repository with the dataset identifier PXD002990 and 10.6019/PXD002990”.
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.

http://www.nature.com/srep


www.nature.com/scientificreports/

1 2Scientific RepoRts | 6:24491 | DOI: 10.1038/srep24491

How to cite this article: Lochmatter, C. et al. Integrative Phosphoproteomics Links IL-23R Signaling with 
Metabolic Adaptation in Lymphocytes. Sci. Rep. 6, 24491; doi: 10.1038/srep24491 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons 
license, users will need to obtain permission from the license holder to reproduce the material. To view a copy 
of this license, visit http://creativecommons.org/licenses/by/4.0/

http://creativecommons.org/licenses/by/4.0/

	Integrative Phosphoproteomics Links IL-23R Signaling with Metabolic Adaptation in Lymphocytes
	Experimental Section
	Experimental design and statistical rationale. 
	Cytokine stimulation. 
	Phosphopeptide enrichment. 
	Phosphoprotein enrichment. 
	Label-free quantitation (phosphoprotein and immunoprecipitation analysis). 

	Results
	Complementary nature of phosphoprotein and phosphopeptide enrichment. 
	IL-23 triggers STAT3 phosphorylation and nuclear translocation. 
	Expanding the IL-23R phosphorylation cascade. 
	IL-23 triggers PKM2 phosphorylation, nuclear translocation and activates glycolysis. 

	Discussion
	Acknowledgements
	Author Contributions
	Figure 1.  Comparison of phosphoprotein enrichment and phosphopeptide enrichment strategies.
	Figure 2.  Gene Ontology (biological process) term enrichment analysis.
	Figure 3.  Activation of STAT3 signaling in Kit225 cells stimulated with IL-23.
	Figure 4.  STAT3 phosphorylation in cytosol and nuclear enriched fractions in response to stimulation with IL-23.
	Figure 5.  Immunoprecipitation of endogenous STAT3 and phosphosite analysis.
	Figure 6.  PKM2 phosphorylation, nuclear translocation and activation of glycolysis after IL-23 stimulation.
	Figure 7.  IL-23 triggers phosphorylation and nuclear translocation of STAT3 and PKM2.
	Table 1.  List of selected IL-23 downstream targets with regulated phosphorylation sites.



 
    
       
          application/pdf
          
             
                Integrative Phosphoproteomics Links IL-23R Signaling with Metabolic Adaptation in Lymphocytes
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24491
            
         
          
             
                Corinne Lochmatter
                Roman Fischer
                Philip D. Charles
                Zhanru Yu
                Fiona Powrie
                Benedikt M. Kessler
            
         
          doi:10.1038/srep24491
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep24491
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep24491
            
         
      
       
          
          
          
             
                doi:10.1038/srep24491
            
         
          
             
                srep ,  (2016). doi:10.1038/srep24491
            
         
          
          
      
       
       
          True
      
   




