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Introduction

Macroautophagy is a cellular process of self-cannibalism, in which 
portions of the cytoplasm are sequestered in autophagosomes 
that then fuse with lysosomes to form autolysosomes, where the 
luminal content is digested. It is widely known that macroau-
tophagy (which we refer to as “autophagy”) is heavily involved 
in cellular energy and metabolic homeostasis. Dysfunctional 
autophagy is involved in multiple human diseases, including can-
cer and neurodegeneration.1 A normal autophagic capacity has 
been associated with longevity via caloric restriction, inhibition 
of TOR with rapamycin and the activation of sirtuins, which 
constitutes a family of non-histone and histone deacetylases.2,3 
Sirtuin 1 (Sirt1) is known to be activated by the small-molecule 
drug resveratrol (a polyphenol) found in grapes and red wine. 
Resveratrol can prolong the lifespan of model organisms through 
the activation of Sirt1, resulting in the stimulation of autophagy,4 
which subsequently initiates several signaling events. In a recent 
study, it was shown that resveratrol has profound effects on the 
transcriptional network leading to tissue-specific induction of 
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gene expression of generic transcription factors such as PDX1 
and HNF1 in pancreatic β cells and FOXO1 in liver cells.5 In 
pancreatic β cells, the downstream effect was changes in meta-
bolic pathways via glucokinase and Glut2.6 The beneficial effect 
on longevity is observed in various organisms, and recently it has 
been shown that there is a significant overlap of genes affected 
by resveratrol in both invertebrates and mammals, and that it, 
to a significant degree, mimics caloric restriction.7 A model of 
the resveratrol-dependent network has recently been suggested 
by Park et al. involving signal mediators such as PKA, SIRT1, 
CamKII and AMPK.8 Additionally, we have previously shown 
that the acetylase inhibitor spermidine (a cationic polyamine) is 
able to increase longevity and to activate the autophagic response 
as well, but independent of Sirt1, in multiple model organisms 
including yeast, nematodes, flies and mice.9-11 Spermidine affects 
several key processes in the cells including cell proliferation, 
gene regulation, apoptosis and autophagy by binding to nega-
tively charged molecules, such as DNA, RNA and proteins, by 
affecting the acetylation status of proteins and by entering meta-
bolic pathways.12 Despite the fact that resveratrol and spermidine 
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coefficient), distinct regions of differential regulation were 
observed (Fig. S3C). In particular, more than 600 dephosphory-
lation events were detected for both of the drug-induced autoph-
agy responses in a correlated manner, whereas more than 550 
specific dephosphorylation sites were found to be regulated exclu-
sively following spermidine treatment (Fig. S3D). Moreover, 
approximately 200 phosphorylation events occurred in a cor-
related fashion in response to both spermidine and resveratrol. 
Again, more regulatory phosphorylation events (approximately 
200) were identified exclusively upon spermidine treatment. 
Thus, although part of the phosphorylation-dependent responses 
to these two autophagy inducers were different, a core set of 
> 600 dephosphorylation and > 200 phosphorylation events were 
found to be shared and hence might constitute generic character-
istics of the autophagy response. Strikingly, it turned out that the 
signaling power difference (ratio distribution difference) for the 
co-dephosphorylation events was significantly lower (p < 0.05; 
Wilcoxon test) than that of the co-phosphorylation events (Fig. 
S3E), suggesting that both agents must activate a common set of 
phosphatases or inactivate a common set of kinases.

Two distinct kinase motifs point at signal hubs in the 
autophagic response. Several essential regulated proteins known 
to be involved in autophagy were found to be phosphorylated in 
response to resveratrol and spermidine (Table S1). This applies, 
for instance, to SIRT1, the target of resveratrol, p62/SQSTM1, 
an adaptor that facilitates autophagy of ubiquitinated proteins, 
and the elongation factor EF2α, where phosphorylation on T57 
is essential for the induction of autophagy.19 To visualize com-
mon and differential effects of resveratrol and spermidine on 
the phosphoproteome, hierarchical clustering of all regulated 
sites was performed, followed by cluster-specific kinase motif 
enrichment testing using the MotifX algorithm.20 Only phos-
phorylation sites with high confidence localization assignment 
(localization probability > 0.9 21) (Fig. 1; Table S1) were used 
for this analysis. Strikingly, two highly significant motifs were 
found among the co-regulated sites (p < 0.000001; binomial 
testing against all identified high-confidence sites). The RxxS 
motif was observed for 50% of the co-phosphorylated serine 
residues, and the SP motif was observed for 79% of the co-
dephosphorylated serine residues (71% of the exclusively spermi-
dine-responsive serine residues were located within an SP motif 
as well). These data suggest a common set of autophagy-relevant 
“master kinases,” “master-phosphatases” and/or “master kinase 
inactivators.” It should be noted that the same two motifs were 
enriched among regulated phosphorylation sites in yeast cells 
exposed to fatty acid starvation (Pultz D, et al. In press), suggest-
ing that they reflect a generic, evolutionary conserved response 
to cellular stress.

With the scope of identifying autophagy-relevant kinases, the 
NetworKIN algorithm22 was subsequently applied, and hyper-
geometric kinase enrichment testing was performed using a 
Benjamini-Hochberg adjusted p-value < 0.05 as a criterion for 
significance (Fig. 2A and B). The predicted kinases used for 
these statistical tests were pre-filtered using a NetworKIN score 
of at least 3 and predictions for each site having a NetworKIN 
score above 90% of the highest scoring (the NetworKIN score 

increase longevity via different pathways, we have shown recently 
that the two drugs converge in their mode of action by similarly 
affecting the human acetylprotome via deacetylase-activating 
and acetylase-inactivating effects, respectively.13

Recently, a number of mass spectrometry-based proteomic 
studies of the autophagic system have been reported in refer-
ences 14–17. However, until now, no large-scale study has been 
conducted with the aim of deciphering the phosphorylation-
dependent autophagic response induced by the longevity-related 
drugs resveratrol and spermidine. We hypothesize that co-regula-
tory events following cell stimulation by both drugs could reveal 
potential generic features of the autophagic response. To follow 
this idea, we performed a large-scale experiment where cells were 
cultured in medium containing amino acids of different isoto-
pic composition (SILAC),18 followed by phosphopeptide analysis 
using high-resolution mass spectrometry. The phoshosite-specific 
data were analyzed by network prediction algorithms and bioin-
formatic tools to obtain functional and contextual information 
about autophagy-responsive proteins. This analysis revealed that 
> 800 phosphorylation sites were co-regulated in response to res-
veratrol and spermidine treatment, and that dephosphorylation 
events were more frequent than phosphorylation. Additionally, 
we show that distinct kinase recognition sequence motifs were 
found to be subject to co-regulation, mostly RxxS motifs that 
were phosphorylated and SP motifs that were dephosphorylated. 
Such SP motifs were predicted to be dephosphorylated as a result 
of CDK2 inactivation and/or as a result of phosphatase acti-
vation. Finally, the analysis revealed that networks of proteins 
involved in multiple distinct posttranslational modifications were 
affected by phosphorylation-dependent signaling, pointing to 
extensive signaling crosstalk that involves distinct types of post-
translational modifications.

Results and Discussion

Identification and quantitation of regulated phosphorylation 
sites. To study the activation of autophagy by resveratrol and 
spermidine by mass spectrometry-based phosphoproteomics, 
human colorectal cancer HCT116 cells were cultured in the pres-
ence of three distinct isotope-labeled amino acids. The SILAC-
labeled cells were then either left untreated or treated with 
resveratrol or spermidine for 2 h for optimal autophagy induc-
tion. Quantitative high-resolution mass spectrometric analysis of 
phosphopeptides derived from these cells resulted in the identifi-
cation of 4,310 proteins and 6,809 phosphorylation sites (peptide 
and protein false discovery rate < 0.01) (Figs. S1 and S2). Among 
the 5,067 sites assigned with high localization scores, 1,871 were 
regulated > 2-fold after at least one treatment (which is a conser-
vative regulation criterion). For further analysis, a site was clas-
sified as regulated by one treatment if the ratio was changed by a 
ratio of at least 2.0-fold compared with the untreated control or 
if it was changed by a ratio of at least 1.75-fold when the other 
treatment was changed by a ratio of 2.0-fold, thus providing an 
example of correlated regulation.

Although the overall phosphosite ratios correlated well 
between the two treatments (R = 0.63; Pearson correlation 
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Figure 1. Determination of kinase motifs within phosphorylation sites identified from cells stimulated with resveratrol and spermidine. Hierarchical 
clustering of all responsive sites (sites regulated more than 2-fold upon at least one of the treatments). Black color indicates “non-responsive” upon 
the given treatment. Cluster-specific significant linear motifs related to very high-confidence phosphorylation sites (localization probability > 0.9) are 
shown in the margin (requirement: at least 20 occurrences, p < 1e-6; Binomial testing).

indicates how much the STRING score23 amplifies the initial 
NetPhorest probability score24). This strategy led to the removal 
of a majority of likely false-positive predictions.

We observed a highly significant enrichment in CDK2 sub-
strates among the co-dephosphorylated sites, of which the vast 
majority were located within the SP/TP motif. This correlated 
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(Fig. 2C). However, no predominant G
1
-arrest was observed for 

spermidine-treated cells, suggesting that the co-regulated SP sites 
are dephosphorylated by a different mechanism. One explanation 
might be that a group of phosphatases are activated by spermidine 

with dephosphorylation of the CDK2 activator CDC25B on 
S374 in response to both resveratrol and spermidine. In support 
of CDK2 inactivation, we observed a significant G

1
-arrest (where 

CDK2 is a key-regulator) in HCT116 cells treated with resveratrol 

Figure 2. (A) Distribution of kinase motifs associated with phosphorylation sites on selected regulated substrates. High-confidence phosphoryla-
tion sites (localization probability > 0.9) were analyzed using the NetworKIN algorithm. Fisher’s exact test and Benjamini-Hochberg adjustment were 
performed on the kinase-substrate predictions. the color code indicates the BH-adjusted p-value. Selected weblogos are shown in the margin. 
(B) Cluster-specific distribution of kinase-prediction frequencies corresponding to the enriched kinases shown in (A). (C) Cell cycle arrest assay on cells 
treated with resveratrol and spermidine at three time points as indicated.
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known to be involved in autophagosome formation),29 VPS26 
(dephosphorylated on S302 and is associated with lysosomal 
transport)30 and EPS8 (dephosphorylated > 4-fold on S625 and 
T629 and is recruited to lysosomes during autophagy in can-
cer cells).31 Strikingly, three nuclear pore complexes (NUP214, 
NUP160 and NUP98) were dephosphorylated, suggesting that 
the autophagic response may affect the nuclear transport of 
macromolecules. Even though some of the proteins were (de)
phosphorylated in a differential fashion in response to resvera-
trol and spermidine, the cellular function of differentially regu-
lated proteins was still related. In particular, proteins that were 
(de) phosphorylated by one or the other treatment were signifi-
cantly associated with microtubule-based processes, intracellular 
transport and the cell cycle (p < 0.001; Fishers Exact test). This 
is consistent with prior knowledge that transport processes along 
microtubules are pivotal for autophagy.32,33

A similar analysis of (de)phosphorylated proteins using the 
KEGG-pathway enrichment test (Fisher test, BH adjustment 
and enrichment score calculation by -log(P), Fig. S6A) yielded 
results that were consistent with the GO-term analysis (Fig. S4). 
Pathways associated with focal adhesion, tight junctions, actin 
skeleton regulation and insulin signaling were found to be co-
regulated by resveratrol and spermidine (p < 0.05; Fishers Exact 
test). Many of the proteins associated with the enriched pathways 
were indeed (de)phosphorylated in response to both treatments 
(Fig. S7).

Next, we used the STRING algorithm23 to model an association 
network based on all co-regulated proteins (co-phosphorylated 

treatment without affecting CDK2, leading to protein dephos-
phorylation without cell cycle arrest, whereas CDK2 and other 
kinases might be inactivated by resveratrol treatment, leading 
to spontaneous/background dephosphorylation with cell cycle 
arrest. The hypothesis that phosphatases are activated by sper-
midine treatment is further supported by a significantly higher 
dephosphorylation power in spermidine-treated cells among co-
dephosphorylated sites (Fig. S3E), as well as the identification of 
> 550 dephosphorylation events (207 of which are SP sites) that 
occurred exclusively in spermidine-treated cells. In the phos-
phoproteomic screen, we identified two S/T phosphatases that 
were selectively phosphorylated following spermidine treatment. 
These phosphatases, PPP1R14B (phosphorylated on T195 within 
the regulatory subunit) and PPM1F (phosphorylated on T448), 
suggest that they might participate in the dephosphorylation of 
the SP site.

NetworKIN predicted four kinases (PAK4, PAK7, DMPK and 
CLK1) to be significantly associated with co-phosphorylation on 
serine residues located in the RxxS motif (Fig. 2A). The sites pre-
dicted to be phosphorylated by PAK4 and PAK7 are more or less 
the same, all having an arginine (R) in position 2 from the central 
serine or threonine and, in > 40% of the cases, an additional R in 
the -3 position. Sites predicted to be phosphorylated by DMPK 
(enrichment score > 3) were all serine residues and in almost all 
cases with arginine located in the -3 position. Thus, DMPK con-
stitutes a master kinase candidate that phosphorylates the generic 
stress motif RxxS. Interestingly, the DMPK isoform A has been 
reported to induce autophagy and to stimulate the mitochondrial 
pathway of apoptosis.25 Thus, the NetworKIN-derived predic-
tion is supported by previously reported experimental evidence, 
and we propose that this kinase may participate in the spermi-
dine- and resveratrol-induced autophagic response. CAM kinase-
like kinase CLK1 were predicted to phoshorylate serine residues 
located close to an R in the -3 position in approximately 60% of 
the cases (Fig. 2A). Although CLK1 has not yet been linked to 
autophagy, it is known to preferentially phosphorylate SR-rich 
proteins that often are involved in RNA processing. We thus 
propose that CLK1 might be involved in the regulation of RNA 
processing during the autophagy response.

Finally, a significant proportion of substrates was predicted to 
be phosphorylated by CK2 specifically during spermidine treat-
ment. This is supported by experiments that show that CK2 is 
regulated by polyamines, including spermidine, that bind physi-
cally to a defined polyamine binding domain.26 Indeed, it has 
been suggested that CK2 is able to biochemically sense the relative 
polyamine levels in the cell and initiate appropriate responses.27

Deciphering pathways affected by the resveratrol- and sper-
midine-responsive phosphoproteome. To identify biological net-
works associated with the resveratrol- and spermidine-modulated 
phosphoproteome, a Gene Ontology (GO)28 term enrichment 
test was performed for groups of proteins with similar changes in 
phosphorylation using p-values < 0.05 in Benjamini-Hochberg 
adjusted Fishers Exact test (Fig. S4).

This analysis revealed several transport proteins to be co-
dephosphorylated with similar signal power (Fig. S5). These pro-
teins included p62/SQSTM1 (dephosphorylated on S366 and 

Table 1. Co-regulated kinases and kinase regulators

Phosphorylation Dephosphorylation

MApK13-Y182 ABL1-S588

MoBKL1B-t40 CRKRS-S1083

pCtK2-S182 DKFZp666o0110-t936

pIK3C2A-Y1436 epHA4-t974

pIK3C2A-Y1444 epHB4-t976

pRKD2-S197 epS8-S625

RAF1-S43 epS8-t629

SIK2-S587 KIDINS220-S1521

StK10-S13 KIDINS220-S1526

StK10-t14 KIDINS220-S1555

tJp2-S201 KIDINS220-S1559

tJp2-S205 MARK3-S492

tJp2-S275 MASt4-S1697

tJp2-Y1149 Met-t1010

MINK-S621

pI4K2A-S47

pI4K2A-S51

tAoK1-S421

tK1-S13

tK1-S15

tNIK-S640

WNK1-S1978
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More than 30% of all proteins with phosphorylation sites reg-
ulated in response to spermidine or resveratrol were part of the 
AI, CAI or ACN (Fig. 3A), while rather few (< 1.3%) mapped to 
the PRA. In particular, > 150 of all co-regulated proteins mapped 
to the AI and > 30 proteins to the CAI (Fig. 3B). Three co-reg-
ulated phosphoproteins belonged to the ACN. These proteins 
comprise SQSTM1 and TRAF2 (both dephosphorylated) and 
PIK3C2A [phosphorylated > 4-fold on tyrosine residues Y1436 
and Y1444 (localization probability > 0.9)]. We hypothesize that 
the co-regulated sites associated with CAI and CAN constitute a 
high-confidence autophagosomal core phosphorylation network 
(ACPN). Hence, we applied the NetworKIN algorithm22 to these 
sites (with a cut-off of > 0.9 applied to the confidence localiza-
tion probability) to predict kinases acting on the ACPN (Fig. 
4). We found for example that the yeast kinase homolog TJP 
was modulated on four sites (S201, S205, S275 and Y1149) in 
response to both resveratrol and spermidine, suggesting that this 
kinase might play a key role in signal propagation during the 
generic autophagy response. Though little is known about this 
kinase, TJP has been reported to be involved in tight junction 
processes and to undergo stress-modulated cytoplasmic-nuclear 
shuttling.35 NetworKIN predicted the Y1149 residue of TJP to 

and co-dephosphorylated) plus one extended node layer, irrespec-
tive of its identification in the proteomic screen (high confidence 
score, > 0.7, Fig. S6C). KEGG pathway enrichment testing of the 
modeled network (Fig. S6B) led to the identification of additional 
enriched pathways, including the apoptosis pathway. Thus, even 
though the modified proteins themselves are not enriched in pro- 
and anti-apoptotic proteins, they are associated with a significant 
number of apoptosis-relevant proteins within the network, sug-
gesting some level of crosstalk between autophagy and apoptosis.

Identification of essential regulated phosphoproteins of the 
autophagosomal network. Behrends et al. recently performed 
a mass spectrometry-based interaction study on the autophago-
somal interaction network (AIN) in cells exposed to the classical 
autophagy inducer rapamycin, which targets mTOR and mim-
ics nutrient starvation. We studied the overlap between the res-
veratrol- and spermidine-responsive phosphoproteome with the 
AIN subdivided into “autophagy interactome” (AI), “central 
autophagy interactome” (CAI) and “autophagy core network” 
(ACN). Moreover, we evaluated the relationship between the 
resveratrol- and spermidine-modulated phosphoproteome and a 
series of putative regulators of autophagy (PRA) identified by an 
siRNA screen.34

Figure 3. (A) Mapping of the regulated phosphoproteome to the autophagosomal interaction network (AIN) as reported by Behrends et al. the AIN 
was subdivided into the “autophagy interactome” (AI), the “central autophagy interactome” (CAI) and the “autophagy core network” (ACN). possible 
false-positives retrieved from reference 34, were included for validation. (B) Heatmap of cluster-specific autophagy responsive phosphoproteins 
mapped to CAI and ACN.
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TAOK1, PIK3C2A and yet another enzyme involved in the 
phosphoinositol pathway, the PI4K kinase and PI4K2A. In addi-
tion, several kinases that have not yet been implicated in autoph-
agy were found to be (de)phosphorylated during the spermidine 
and resveratrol response. This applies to key proteins from the 
MAPK-signaling pathway, such as RAF1, EPHA/B4 receptors 
and EGF-signaling regulator EPS8. Moreover, the microtubule 
kinase MAST4 (which was dephosphorylated on S1697) might 
be relevant for autophagy (Fig. 5). Many other kinases were reg-
ulated in a drug-specific manner, in line with the existence of 
drug-specific branches of the kinase-substrate network (Fig. 1; 
Table S1).

Phosphorylation-mediated signaling propagates into other 
protein modifier networks, indicating signal conversion and 
crosstalk. Resveratrol and spermidine led to the regulation of 
proteins involved in the post-transcriptional modification of 
proteins with with acetyl and methyl groups and ubiquitin. 
Intriguingly, SIRT1, the primary target of resveratrol and a 
major regulator of autophagy and longevity, was found to be co-
phosphorylated at T719, probably by a CK2 kinase family mem-
ber (Fig. 5). Additionally, two histone deacetylases, HDAC1 
and HDAC2, were co-dephoshorylated; HDAC1 on S393 

be phosphorylated by a receptor tyrosine kinase and TJP serine 
residues to be substrates of AKT and CLK kinases. The general 
translation initiation factor EIF5B was co-phosphorylated in 
response to resveratrol and spermidine on S113, likely by a CK2 
kinase. EIF5B promotes binding of the formylmethionine-tRNA 
to ribosomes, suggesting that the CK2 kinase family might 
be involved in translational regulation during the autophagy 
response. SEC22B, which is known to be involved in vesicle traf-
ficking,36 was dephosphorylated on T140 in response to resvera-
trol and spermidine.

The autophagy-responsive kinome. Resveratrol and spermi-
dine affect the acetylproteome through direct effects on acetyl-
transferases and deacetylases.3 Apparently, these effects have a 
major impact on the phosphoproteome, as shown here. Therefore, 
it seems reasonable to argue that both drugs propagate kinase-
dependent signals. Indeed, we identified 109 (de)phosphorylated 
sites within kinases or direct kinase regulators. Among these, 
14 were co-phosphorylated, 22 co-dephosphorylated (Table 1) 
and 73 differentially regulated (Fig. S8).

Several of these co-regulated kinases and kinase-regulators are 
known to be involved in the autophagy response. This applies 
to TJP (see above), MAPK13 (p38), the p38 pathway activator 

Figure 4. phosphorylation-dependent signaling network of co-regulated phosphoprotein mapped to the high confidence autophagosomal interac-
tion network from Figure 3. the NetworKIN algorithm was applied to high confidence sites of this high-confidence autophagy responsive subset of 
phosphoproteins (localization probability > 0.9).
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and of the histone-demethylase EZH2 (dephosphorylated on 
T492 and S371). The functional impact of (de)methylases on 
the transmission of pro-autophagic signals requires further 
investigation.

Phosphatases and phosphatase regulators were (de)phosphor-
ylated during the spermidine and resveratrol response in a highly 
drug-dependent way, correlating with the existence of major 
differences in the changes of the phosphoproteome induced by 
resveratrol vs. spermidine. Indeed, spermidine triggered signifi-
cantly more dephosphorylation reactions than resveratrol (Fig. 1; 
Fig. S3), and more phosphatases/regulators were (de)phosphory-
lated in cells exposed to spermidine. Nonetheless, some phospha-
tases, like the apoptosis-regulating phosphatase 2A inhibitor SET 
(S7), CDC25B (S374) and PPP1CA (T331), were found to be 
co-regulated by dephosphorylation (with all three sites located 
within a CDK2-motif) (Fig. 5).

Crosstalk between autophagy and apoptosis circuits via 
phosphorylation signaling networks. Driven by the consider-
ation of crosstalk between apoptosis and autophagy signaling net-
works, we investigated resveratrol- and spermidine-driven (de)
phosphorylaton reactions in apoptosis-relevant proteins using the 
NetworKIN algorithm. Among cell death-associated proteins, 27 
sites were co-regulated (Table 2), although there were also drug-
specific effects (Fig. S9).

Among the co-regulated proteins, several were important 
apoptosis regulators, including BAD, BCLAF1 and RAF1 
(all co-phosphorylated). Three distinct kinase families were 
predicted to cause phosphorylation of the first three proteins: 
PKA for BAD-S118, CK2 kinase for BCLAF1-T341 and PIM2 
for RAF-S43. The involvement of PKA is supported by the 
recent finding that resveratrol functions as a nonselective phos-
phodiesterase inhibitor, and resveratrol therefore increases the 
cellular pool of cAMP,8 which is known to activate PKA by 
functioning as a second messenger. Spermidine and resveratrol 
stimulated the coordinated dephosphorylation of DIDO1, DAP, 
TP53BP2, PDCD2, TNFRSF21 and NOTCH2. Indeed, it has 
been shown that resveratrol can trigger NOTCH2-dependent 
apoptosis.38 Among differentially regulated proteins, we iden-
tified BAX, which is able to lead to mitochondria membrane 
permeabilization,39 to be phosphorylated on S72, presumably by 
CK2, in response to resveratrol but not spermidine. Moreover, 
the stress-responsive apoptosis signaling activator PAK2 was 
phosphorylated on S141 in response to spermidine but not res-
veratrol. We used this information to model a signaling network 
at the interface between apoptosis and autophagy (Fig. 7). The 
computational modeling predicts that CK2 is likely impor-
tant for fine-tuning the autophagy-apoptosis balance due to its 
impact on multiple co-phosphorylated sites (including BAD-
S118) and differentially phosphorylated sites (on BAX and 
DPF2).

and HDAC2 on S488. Two histone acetylases, MYST2 and 
GTF3C4, were co-dephosphorylated on T88 (a CDK2 motif) 
and co-phosphorylated on T514 and Y508, respectively. The fact 
that such key (de)acetylases are subjected to coordinated modu-
lation by phosphorylation suggests an intricate link between the 
kinome and the networks of (de)acetylating enzymes (Fig. 5). 
Of note, only few phosphosites on acetyl transferases were 
affected differentially in response to resveratrol and spermidine, 
underscoring the convergence of both agents on the regulation 
of the acetylproteome.

Ubiquitination reactions are known to have a profound 
impact on autophagy.37 We found ten co-(de)phosphorylated 
sites on proteins involved in ubiquitin transfer. This applies to 
two central ubiquitin-ligases, HECTD1 (on S358) and CBL 
(on S483), several USP-proteins (ubiquitin hydrolases) and the 
ubiquitin ligase UBE2T (on S184, a site predicted to be phos-
phorylated by ATM or ATR). In contrast to the acetyl trans-
ferases, which were, in general, co-regulated (see above), several 
ubiquitin modifiers were regulated differentially in response to 
resveratrol and spermidine.

Although (de)methylases have not previously been associated 
with autophagy, several were found to be regulated by changes in 
phosphorylation in response to autophagy inducers. Specifically, 
we identified co-regulation of two RNA-methylases, FBL (phos-
phorylated on S124 and S126) and NOP2 (dephosphorylated on 
T817, S67 and S819, the two latter located in a CDK2 motif), 

Table 2. Co-regulated apoptosis-related proteins

Phosphorylation Dephosphorylation

BAD-S118 AKt1S1-S203

BAt2-S342 BAt2-t609

BAt2-S350 BAt2-t610

BCLAF1-t341 BCL2L12-S273

HSpB1-S83 DAp-S51

MAp1S-S838 DIDo1-S805

MAp1S-S839 DIDo1-S809

RAF1-S43 DIDo1-S811

SLtM-S344 eI24-S345

eI24-S349

IeX-1L-S31

NotCH2-S1778

NpM1-S88

pDCD2-Y300

SQStM1-S366

tNFRSF21-S541

tp53Bp2-S704

tp53Bp2-t706

Figure 5 (See opposite page). Autophagy-responsive phosphorylation networks interfere with networks of posttranslational/posttranscriptional 
modifiers suggesting extensive crosstalk. the phosphorylation network (localization probability > 0.9) of posttranslational/posttranscriptional modi-
fiers, including associated kinases, was modeled by the NetworKIN algorithm. the color code indicates the cluster in which the sites are associated, 
and the node shape indicate the class of the posttranslational/posttranscriptional modifier. Responsive kinases and co-regulated phosphoproteins are 
highlighted at the top and bottom.
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Figure 5. For figure legend, see page 1834.
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were added to each fraction and STAGE-tipped as described in 
reference 44, prior to MS analysis.

Mass spectrometric analysis. The TiO
2
 column eluates were 

dried using a Speed Vac and C18 Stage tip purified.45 MS analysis 
was performed on an LTQ-Orbitrap46 (Thermo Fisher Scientific) 
connected to an Agilent 1200 nanoflow HPLC system (Agilent) 
using a nanoelectrospray ion source (Proxeon Biosystems). The 
peptides were separated by reversed-phase chromatography using 
a in-house-made fused silica emitter (75 μm ID) packed with 
Reprosil-Pur C18-AQ 3 μm reversed phase material (Dr. Maisch 
GmbH). Peptides were loaded in 98% solvent A (0.5% acetic 
acid) followed by 100 min linear gradient to 50% solvent B 
(80% acetonitrile, 0.5% acetic acid). Survey full scan MS spectra 
(range 350–1,800, resolution 60,000@m/z 400) were acquired 
on an LTQ-Orbitrap XL (Thermo-Fisher Scientific), followed 
by fragmentation of intense multiply charged ions by multi-stage 
activation (MSA) with excitation at nominal mass losses of 97.97, 
48.99 and 32.66 Da from the precursor m/z.47 Ions selected for 
MS/MS were placed on a dynamic exclusion list for 45 sec. Real-
time internal lock mass recalibration was used during the MS 
and MS/MS performance.48 All samples used for protein normal-
ization were analyzed on an LTQ FT ULTRA mass spectrometer 
(Thermo Finnigan), where the five most intense ions from each 
precursor scan were selected for fragmentation in the LTQ-no 
real-time lockmass recalibration. Reverse phase chromatogra-
phy settings were the same as described for the analysis using an 
Orbitrap mass spectrometer.

Peptide and protein identification and quantitation. All raw 
files were processed with MaxQuantv.1.0.13.1349 into centroided 
data and submitted to database searching with Mascot v.2.2 
(Matrix-Science). Pre-processing by MaxQuant was performed 
to determine charge states, mis-cleavages and SILAC states and 
to filter the MS/MS spectra, keeping the six most intense peaks 
within a 100 Da bin. Carbamidomethyl of cysteine was cho-
sen, as fixed modification and acetylation of the protein N ter-
minus, oxidation of methionine, deamidation of NQ, Gln- > 
pyro-Glu (N-term Q) and phospho (STY) were chosen to be 
variable modifications. The processed MS/MS spectra were 
searched against a concatenated target-decoy database of for-
ward and reverse sequences from the IPI database (IPIv.3.69). 
For the search, Trypsin/P + DP was choosen for the in silico 
protein digestion, allowing three mis-cleavages. The mass toler-
ance for the MS spectra acquired in the Orbitrap was set to 7 
ppm, whereas the MS/MS tolerance was set to 0.6 Da for the 
CID MS/MS spectra from the LTQ. Subsequent to the peptide 
search, protein and peptide identification was performed given 
an estimated maximal false discovery rate (FDR) of 1% on both 
the protein and peptide level. For the FDR calculation, poste-
rior error probabilities were calculated based on peptides of at 
least six amino acids and their corresponding MASCOT-score 
(minimum 7). For the protein group identification, at least one 
unique peptide was required. For protein quantification, only 
unmodified peptides and peptides modified by acetyl (protein 
N-term), oxidation (M), deamidation (NQ) and Gln → pyro-
Glu (N-term Q) were considered.. If a counterpart to a given 
phosphorylated peptide is identified, this counter peptide is 

Materials and Methods

Cell culture. HCT 116 cells were grown for 2 weeks in three 
different SILAC media (Invitrogen) containing either (1) light 
isotopes of L-arginine and L-lysine (Arg0/Lys0), (2) L-arginine-
13C

6
 HCl (Euroisotop) and L-lysine 2HCl 4,4,5,5-D

4
 (Arg6/

Lys4; Euroisotop) or (3) L-arginine-13C
6
15N

4
 HCl and L-lysine 

13C
6
15N

4
 HCl (Arg10/Lys8; Invitrogen) and complemented as 

reported in Blagoev et al.40 Cells were treated for 2 h with 100 
μM spermidine (Arg10/Lys8) or 100 μM resveratrol (Arg6/
Lys4) and then lysed and subdivided in nuclear, cytosolic and 
mitochondrial fractions as previously described in reference 41. 
The precipitation of proteins in the cytosolic fraction was per-
formed using ice-cold (-20°C) acetone (4 times the volume of the 
sample extract). The samples were then vortexed and placed for 2 
h at -20°C. The resulting solution was centrifuged for 10 min at 
16,000 g, and the supernatant was removed. The pellet was first 
washed twice with ice-cold 4:1 acetone/water and subsequently 
dried using a concentrator (SpeedVac; Thermo Fisher Scientific) 
for 10–15 min.

Peptide preparation. Samples prepared for our previous report 
on the effect of resveratrol and spermidine13 were used for this 
phosphorylation experiment as well. Briefly, the starting material 
was composed by three fractions of purified nuclei, mitochon-
dria and cytoplasm from approximately 109 cells. The denaturant 
6 M/2 M Urea/Thiourea in 50 mM ammonium bicarbon-
ate were added to all fractions and, specifically, the nuclease 
benzonase (Merck) was added to the nuclei fraction. All steps 
were performed at room temperature to avoid carbamoylation 
of amines. Reduction of cysteines was performed using DTT 
(5 mM) for 30 min followed by alkylation with iodoacetamide 
(11 mM) for 20 min in the dark. The proteins were digested 
1:100 protease:protein, first with LysC (Wako) for 3.5 h, diluted 
4 times with 50 mM ABC and then with trypsin (Promega) over 
night. The mixture was spun at 10,000 rpm for 10 min, and 
the supernatant was filtered through a 0.45 μm filter (Millex 
HV). From each fraction approximately 100 μg digested pro-
tein were collected for isoelectric focusing (IEF), used for protein 
normalization.

Phosphopeptide enrichment and isoelectric focusing. 
Phosphopeptides were enriched by TiO

2
 affinity chromatog-

raphy, as described in Larsen et al. with minor modifications. 
Briefly, peptide sample was incubated with TiO

2
 beads, equili-

brated in 50 mg/ml DHB, 80% ACN/1% TFA. After washing 
beads in 60% ACN/1% TFA, phosphopeptides were eluted on a 
C8 disc StageTip in 40% ACN/15% NH

4
OH.

The collected protein digest samples (for protein normaliza-
tion) were desalted using SepPak C18 purification cartridges and 
5% of each enriched eluate was collected for mass spectrometric 
(MS) analysis prior to IEF fractionation. The remaining part of 
the eluates were subsequently separated into 12 fractions by IEF 
using the Agilent 3100 OFFGEL Fractionator (Agilent, G3100) 
using the protocol described previously in reference 43. Gelstrips 
and amfolyte buffer were purchased from GE Healthcare. The 
peptides were focused for 20 kVh at a maximum current of 
50 μA and maximum power of 200 mW. Ten μl of 10% TFA 
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Figure 6. Heat map of regulated posttranslational modifiers (excluding kinases) or regulators hereof. the vertical color code indicates the class to 
which each phosphoprotein belongs. Black color indicates “non-responsive” upon the given treatment.
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cycle distribution was determined by cytofluorometric analysis 
on a FACScan cytofluorometer (BD Biosciences). Statistical 
analysis was performed by using the CellQuestTM software 
(BD Biosciences) upon gating on the events characterized by nor-
mal forward scatter and sidescatter parameters (Fig. 6).

Conclusion and Perspectives

Using SILAC and mass spectrometry to decipher the changes in 
signaling networks in cells exposed to resveratrol and spermidine, 
we succeeded in uncovering the responsive phosphoproteome to 
a depth of 1,871 regulated phosphorylation sites, where > 800 
were co-regulated. In particular, we found that dephosphoryla-
tion events outweighted phosphorylation events and occurred at 
higher fold changes, suggesting a global trend toward dephos-
phorylation upon treatment with resveratrol and spermidine. 

also not used for protein quantitation. According to the pro-
tein group assignment performed by MaxQuant, both razor and 
unique peptides were used for protein quantitation. A minimum 
of two ratio counts was required for the protein quantitation. 
For quantitation of phosphorylated sites, the least modified pep-
tides were used. The ratios for the sites were normalized by the 
corresponding protein ratios to account for eventual changes in 
protein abundance. In case a protein ratio was not determined, 
normalization was done based on a logarithm-transformation 
algorithm, as described in reference 49.

Assessment of cell cycle distribution. HCT116 cells were 
incubated in triplicate wells for 4, 8 and 16 h with 100 μm of 
resveratrol (Sigma) or 100 μm of spermidine (Sigma). For cell 
cycle analyses, cells were harvested, washed and stained with 
Hoechst 33342 (10 μg/ml; Invitrogen), followed by an incuba-
tion period of 30 min at room temperature. Subsequently, cell 

Figure 7. Autophagy responsive phosphorylation networks interfere with the apoptotic network, suggesting a phosphorylation dependent balancing 
of apoptotic and autophagic cell signal events. the phosphorylation network (localization probability > 0.9) of posttranslational/posttranscriptional 
modifiers including associated kinases was modeled by means of the NetworKIN algorithm. the color code indicates the cluster to which the sites are 
associated.
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Using bioinformatic approaches, distinct kinase motifs were 
found to be co-regulated. This applies to RxxS motifs that were 
phosphorylated and SP motifs that were dephosphorylated. Such 
SP motifs were predicted to be dephosphorylated as a result of 
CDK2 inactivation and/or as a result of the activation of an 
CDK2-antagonistic phosphatase.

To further study the resveratrol- and spermidine-induced 
autophagy response, we applied systems biology methods, thus 
applying unbiased statistics to an ensemble of regulatory events 
with the objective of achieving a global snapshot of dynamic 
changes in cellular networks. Specifically, we used the versatile 
probabilistic modeling algorithms STRING and NetworKIN 
for network reconstruction. These modeling algorithms and bio-
informatic tools allowed us to analyze the (de)phosphorylation 
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