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One of the main causations of the poor prognosis of pancreatic cancer is the lack of effective 
chemotherapies. Gemcitabine is a widely used chemotherapeutic drug, but limited therapeutic efficacy 
is achieved due to chemoresistance. Recent studies demonstrated that the presence of cancer stem 
cells may lead to the failure of chemotherapy. Moreover, gemcitabine can promote the stemness of 
pancreatic cancer cells. We detected the alterations in protein phosphorylation and signaling pathways 
in pancreatic cancer cells after gemcitabine treatment using iTRAQ labeling LC-MS/MS, because 
it was featured with the advantages of strong separation ability and analysis range. A total of 232 
differentially expressed phosphorylated proteins were identified in this study. Gene Ontology analysis 
revealed that nuclear lumen, nuclear part and organelle lumen were enriched for cell components and 
protein binding, poly (A) RNA binding and RNA binding were enriched for molecular function. A variety 
of signaling pathways were enriched based on KEGG analysis. AMPK, mTOR and PI3K/Akt pathways 
were verified after gemcitabine exposure. Moreover, we found there were complex interactions of 
phosphorylated proteins in modulating cancer stemness induced by gemcitabine exposure based on 
PPIs map. Our experiments may identify potential targets and strategies for sensitizing pancreatic 
cancer cells to gemcitabine.

Pancreatic cancer is a highly malignant tumor of digestive system and its incidence is increasing rapidly in recent 
years1. For the majority patients suffering from pancreatic cancer, the 5-year survival rate is less than 5% and 
cytotoxic treatment is the important therapeutic option and promise2,3. As the first-line chemotherapeutic drug, 
gemcitabine plays an important role in the treatment of pancreatic cancer. However, the failure of gemcitabine 
therapy is still a major challenge for clinicians, owing to the intrinsic or acquired resistance4,5. Unfortunately, 
limited progresses were made in improving the chemosensitivity of pancreatic cancer patients until now. In recent 
years, accumulated evidences demonstrate that pancreatic cancer harbors a subpopulation of cancer stem cells 
(CSCs), which possess strong ability of chemoresistance and tumorigenicity and may be an important causation 
of failure in pancreatic cancer chemotherapies6–8. More recently, we and others all have documented that chemo-
therapy can promote the stemness of pancreatic cancer cells9–11. However, the underlying mechanisms need to 
be further unraveled. Thus, elucidation of the mechanisms by which pancreatic cancer cells develop acquired 
stemness after gemcitabine treatment, will facilitate the identification of windows and strategies to augment the 
efficacy of chemotherapy in pancreatic cancer patients.
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Protein phosphorylation, which is dynamic post-translational modification, can modify the protein func-
tion12. The phosphorylation and dephosphorylation of proteins mediated by kinases are essential events in the 
process of cellular signaling transduction, regulating numerous cellular processes, including cell cycle, apoptosis, 
proliferation, enzymatic activity, chemoresistance and survival of tumor cells13–15. Moreover, dynamic regulation 
of protein phosphorylation is vital to the signaling networks that regulate the cancer stemness16,17. Protein phos-
phorylation can be related with the activation or inhibition of specific kinases and thus classified into different 
signaling pathways. It was also known that phosphorylated proteins had specific molecular functions and some 
signaling pathways were differentially regulated through using reversible phosphorylation status of their con-
stituent proteins18. Conversely, this information could be used to explain how the kinase network contributed to 
the different phenotypic characteristics of tumors, such as metastatic potential, stemness and chemosensitivity.

It has been reported that gemcitabine could regulate phosphorylation of multiple proteins and signaling 
pathways such as HAb18G/CD147-EGFR-pSTAT3 signaling pathways19, Nox/ROS/NF-κB/STAT3 signaling9, 
EebB220, MRP-221 et al., which were involved in regulating cancer stemness and chemoresistance. However, 
the comprehensive role of phosphorylated proteins and signaling pathways has not been elucidated in acquired 
stemness of pancreatic cancer cells after gemcitabine treatment. The isobaric tag for relative and absolute quan-
titation (iTRAQ) is a powerful technique which allows identification of multiple proteins and provides reliable 
quantitative proteome information22. Moreover, the iTRAQ-based quantitative phosphoproteomic analysis has 
multiple advantages, such as strong separation ability; labeling multiple samples and detecting large amounts of 
proteins at a time; high sensitivity; reliable qualitative analysis results and high level of automation23. Differential 
phosphoprotein analysis using iTRAQ technology can provide clues of up- or down-regulated phosphorylated 
proteins or kinases that help us predict potential signaling processes24. The purpose of this study was to investi-
gate the mechanisms underlying the acquired stemness in pancreatic cancer cells after gemcitabine treatment by 
detecting the phosphorylated proteins using iTRAQ analysis. In this study, the Patu8988 pancreatic cancer cells 
that showed stem cell properties after gemcitabine exposure were analyzed with the iTRAQ quantitative analysis 
to characterize the changes of phosphorylated proteins. The identified phosphorylated proteins were further ana-
lyzed using KEGG (Kyoto Encyclopedia of Genes and Genomes) and GO (Gene Ontology) analyses to detect the 
potential signaling pathways.

In this study, we identified a total of 232 differentially expressed phosphorylated proteins. Moreover, the 
KEGG analysis found that a variety of signaling pathways such as AMPK, mTOR and PI3K/Akt, which may 
regulate the stemness of pancreatic cancer cells, were enriched after gemcitabine exposure. These results eluci-
dated the potential mechanisms of acquired stemness in pancreatic cancer cells after gemcitabine treatment and 
determined potential targets for future intervention to improve the chemosensivity and prognosis of pancreatic 
cancer patients.

Results
Gemcitabine treatment promotes the stemness markers of pancreatic cancer cells.  In this 
study, the Patu8988 pancreatic cancer cells were given 2.5 μg/mL gemcitabine treatment for 48 h, then pancreatic 
CSCs markers CD24 and CD133, were detected by flow cytometry. As shown in Fig. 1a, gemcitabine treatment 
increased the fractions of CD133+ cells and CD24+ cells. We next performed stem sphere formation assay, 
which is an important representative feature of CSCs25. As shown in Fig. 1b, low dose gemcitabine-treated cells 
showed increased ability to form stem cell spheres compared with controls. We next examined the changes of 
Bmi1, Nanog and Sox2 with western blot analysis, which were key stemness-associated factors26–28. As a result, 
these factors were all up-regulated after gemcitabine exposure (Fig. 1c).

Differentially expressed phosphorylated proteins identified by iTRAQ based phosphoproteom-
ics analysis after gemcitabine treatment.  The phosphatases and kinases occupy an important position 
in the regulation of signaling networks. We therefore used the quantitative phosphoproteomic technology by 
eight-plex iTRAQ to clarify the underlying mechanisms in our study and the workflow of iTRAQ-based phos-
phoproteomics analysis was shown in Fig. 2. What’s more, the representative iTRAQ mass spectra could be found 
as Supplementary Fig. S1.

Our results suggested that low dose gemcitabine treatment can promote stemness of pancreatic cancer cells. 
Using 0.8-fold cutoff for hypophosphorylation and 1.2-fold cutoff for hyperphosphorylation events, a total of 
1785 differentially expressed phosphorylated peptides were identified in this study and 232 phosphorylated pro-
teins were differentially expressed between the two groups among all the identified proteins. 192 phosphoryl-
ated proteins were up-regulated and the remaining 40 phosphorylated proteins were down-regulated (Fig. 3a). 
According to the fold change (FC) of phosphorylated proteins, we list some differentially expressed phosphoryl-
ated proteins which were discussed in our study as representative (Fig. 3b). It represented the changed phospho-
rylated proteins after gemcitabine exposure. What’s more, all the differentially expressed phosphorylated proteins 
and the expression changes could be found as Supplementary Table S1.

GO analysis of differentially expressed phosphorylated proteins.  To ascertain how the differen-
tially expressed phosphorylated proteins promoted stemness phenotype in pancreatic cancer cells after gemcit-
abine treatment, we performed GO analysis. The differentially expressed phosphorylated proteins were classified 
according to the biological process (BP), cell components (CC) and molecular function (MF), and the entries 
with significant values were identified. As shown in Fig. 4, the altered phosphorylated proteins after gemcit-
abine exposure mainly distributed in biological regulation, regulation of cellular process, cellular component 
organization or biogenesis, according to BP. Gemcitabine treatment also affected the localization of differentially 
expressed phosphorylated proteins to intracellular organelle, nucleoplasm, organelle and membrane-enclosed 
lumen, according to CC. We also found that the differentially expressed phosphorylated proteins were involved in 
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a series of MF, including protein binding, RNA binding, nucleic acid binding, heterocyclic compound binding or 
organic cyclic compound binding, etc. What’s more, the percentage of associated genes in data analysis according 
to BP, CC and MF could be found as Supplementary Fig. S2. The most significantly and differentially expressed 
phosphorylated proteins were located in nuclear lumen and their function was protein binding. For example, 
up-regulated protein p-MAPK1 were mainly distributed in nucleus, protein binding function, cellular component 
organization or biogenesis process.

Figure 1.  Gemcitabine treatment promotes the stemness markers of pancreatic cancer cells. (a) The changes 
of CD133+ and CD24+ CSCs treated as indicated above were measured with the use of flow cytometry. The 
numerical values represent the percentage of positive cells. (b) After gemcitabine treated for 48 h, the Patu8988 
cells were subjected to the stem cell medium according to the tumor sphere-forming assay. The results were 
representative of three independent experiments. (c) The expression levels of Bmi1, Nanog and Sox2 were 
compared with western blot analysis after 2.5 μg/mL gemcitabine treatment for 48 h. Scale bar, 200 μm. 
*P < 0.05; **P < 0.01.
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The same protein can be enriched into different GO items, for example the important protein EGFR. EGFR 
can be seen in nuclear part, organelle lumen, membrane-enclosed lumen, intracellular organelle part, organelle 
part. The major functions were protein binding, nucleic acid binding, heterocyclic compound binding, organic 
cyclic compound binding, enzyme binding. Also, the cell localization of the down-regulated protein p-AMPK 
were nucleus, intracellular organelle, organelle, membrane-bounded organelle, intracellular membrane-bounded 
organelle. The major functions were protein binding, binding and enzyme binding. The protein binding function 
indicated that the differentially expressed phosphorylated proteins functioned by means of interaction.

Figure 2.  Workflow of iTRAQ labeling LC-MS/MS. The workflow of LC-MS/MS to identify differentially 
expressed phosphorylated proteins after gemcitabine treatment in pancreatic cancer cells.

Figure 3.  Differentially expressed phosphorylated proteins identified by iTRAQ after gemcitabine treatment. 
(a) Compared to the control group, the number of up-regulated and down-regulated phosphorylated proteins 
were shown in the bar graph after gemcitabine treatment. (b) Some differentially expressed phosphorylated 
proteins. Red stands for up-regulated proteins and green stands for down-regulated proteins.
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KEGG pathway enrichment analysis of differentially expressed phosphorylated proteins.  
Since we observed bioinformatics analysis of differentially expressed phosphorylated proteins based on BP, CC 
and MF, we next performed KEGG analysis for potential signaling alterations upon gemcitabine exposure. A total 
of 170 KEGG pathways were enriched after gemcitabine exposure in our study. As shown in Table 1, multiple 
pathways associated with aggressive biological behaviors in pancreatic cancer were enriched, including FoxO 
signaling pathway, mTOR signaling pathway, PI3K-Akt signaling pathway, AMPK signaling pathway, MAPK sig-
naling pathway, Ras signaling pathway, HIF-1a signaling pathway and others. What’s more, the first 10 signaling 
pathways could be found as Supplementary Table S2.

Effects of targeted anticancer agents on Patu8988 cells.  To verify that abnormal activation of the 
enriched signaling pathways induced by gemcitabine could confer stemness of pancreatic cancer cells, we first 
detected the expression of selected phosphorylated proteins identified by iTRAQ with Western Blot analysis. The 
results showed that the expression of p-Akt and p-mTOR increased, and the expression of p-AMPK decreased 
after gemcitabine treatment (Fig. 5a). The results of western blot further verified that changes of these signaling 
pathways were involved in the acquired CSCs phenotypes after gemcitabine treatment.

To further verify the role of these changed phosphorylated proteins involved in the acquired stemness of pan-
creatic cancer after gemcitabine treatment, selected kinase inhibitors or activator, including rapamycin (mTOR 
inhibitor), LY294002 (PI3K/Akt inhibitor) and A769662 (AMPK activator) combined with gemcitabine were 
treated on pancreatic cancer cells. The pancreatic CSCs markers, CD24 and CD133, were detected using flow 
cytometry in the experiments. As shown in Fig. 5b,c, the ratios of CD133+ cells and CD24+ cells all decreased 
compared with gemcitabine treatment alone. After treated with these targeted anticancer agents, the spheres for-
mation decreased too (Fig. 5d). We further detected the cytotoxic effect of gemcitabine combined with targeted 
anticancer agents on pancreatic cancer cells using apoptosis detection assay. The flow cytometer analysis showed 
that the apoptotic cells were increased after combination treatment compared with gemcitabine treatment alone 
(Fig. 5e,f). We next examined the expression level changes of Bmi1, Nanog and Sox2 after gemcitabine treatment 

Figure 4.  GO analysis of differentially expressed phosphorylated proteins. This graph showed the first 20 items 
in the enrichment results of three kinds of basic categories. The horizontal coordinate was the process name, 
and the vertical coordinate was the percentage of the total number of proteins that were enriched.

Pathway Name Pathway ID Genes

mTOR signaling pathway hsa04150 EIF4B, RPS6, MAPK1

HIF-1 signaling pathway hsa04066 EGFR, RPS6, MAPK1, LDHA

MAPK signaling pathway hsa04010 STMN1, EGFR, MAPK14, MAPK1, NF1, FLNB

VEGF signaling pathway hsa04370 MAPK14, MAPK1

PI3K-Akt signaling pathway hsa04151 HSP90AA1, EGFR, EIF4B, PKN2, RPS6, MAPK1

AMPK signaling pathway hsa04152 PRKAB1

Ras signaling pathway hsa04014 EGFR, RIN1, MAPK1, NF1

FoxO signaling pathway hsa04068 EGFR, SKP2, PRKAB1, USP7, MAPK14, MAPK1

NOD-like receptor signaling pathway hsa04621 HSP90AA1, ERBB2IP, MAPK14, MAPK1

Central carbon metabolism in cancer hsa05230 EGFR, MAPK1, LDHA

Signaling pathways regulating pluripotency of stem cells hsa04550 MAPK14, MAPK1

Table 1.  Enrichment of differentially expressed phosphorylated proteins and signaling pathways associated 
with aggressive biological behaviors after gemcitabine treatment.
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Figure 5.  Effects of targeted anticancer agents on Patu8988 cells. (a) Patu8988 cells were treated with 
gemcitabine for 48 h at the concentrations of 2.5 μg/mL, and the expression of phosphorylated proteins were 
detected by Western Blot. (b,c) The pancreatic CSCs markers CD133-PE, CD24-FITC after gemcitabine and 
the corresponding inhibitors/activator treatment were measured by flow cytometry. The cells were treatment 
with gemcitabine (2.5 μg/mL, 48 h), rapamycin (1 μM, 48 h), LY294002 (20 μM, 24 h) and A-769662(20 μM, 
2 h). The numerical values represent the percentage of positive cells. (d) After inhibitors or activator treatment, 
the Patu8988 cells were performed with the tumor sphere-forming experiments in stem cell medium. (e,f) 
Dot-plots represented the apoptotic status of Patu8988 cells using Annexin V-FITC/PI method. The dot-
plots in the upper right and lower right quadrant were considered as the percentage of apoptotic cells. (g) The 
expression levels of Bmi1, Nanog and Sox2 were compared with western blot analysis after gemcitabine and the 
corresponding inhibitors/activator combination treatment. The results were representative of three independent 
experiments. Scale bar, 200 μm. *P < 0.05; **P < 0.01.
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in pancreatic cancer cells with western blot analysis. As shown in Fig. 5g, they were all down-regulated after 
combination treatment. These results suggest that modulation of mTOR, PI3K/Akt or AMPK signaling pathway 
with kinase inhibitors or activator is an effective strategy to block stemness and increase the chemosensitity of 
pancreatic cancer cells.

Interaction of differentially phosphorylated proteins and signaling pathways.  The 
protein-protein interactions (PPIs) map in cells can help us better understand the biological and molecular mech-
anisms of cancer biological behavior comprehensively29. We thus further investigated whether these phosphoryl-
ated proteins were interacted with each other based on the results of iTRAQ. As shown in Fig. 6, a large number 
of phosphorylated proteins such as EGFR, MAPK1, HSP90AA1 and RPS6 showed close relationship with other 
phosphorylated proteins after gemcitabine treatment. The same phosphorylated protein could be enriched into 
different signaling pathways, for example the phosphorylated EGFR could be enriched in pathways including 
HIF-1, MAPK, PI3K/Akt, Ras, FoxO and Central carbon metabolism in cancer. The corresponding signaling 
pathways in which these proteins were located may interact with each other as well. In summary, these results 
showed evidence for the involvement of phosphorylated proteins in modulating PPIs induced by gemcitabine 
exposure.

Discussion
Our studies and others revealed that low dose gemcitabine treatment could induce the CSC phenotype and 
tumor sphere-forming ability in pancreatic cancer cells9,30. This process is related with increased tumorigenesis, 
chemoresistance and metastasis of pancreatic cancer, which may be an underlying mechanism of resistance to 
gemcitabine. So, elucidating the mechanisms that govern the acquired stemness in pancreatic cancer after gem-
citabine treatment may be helpful to sensitize the chemotherapy of pancreatic cancer.

The differences of proteins and pathways between Panc1 CSCs and Panc1 parental cells has been reported 
by iTRAQ-based proteomic analysis. It suggested that mevalonate pathways and fatty acid synthesis played an 
important role in ensuring viability of pancreatic cancer stem cells31. In our study, we identified the phosphoryl-
ated proteins and signaling pathways relevant to the acquired stemness induced by low dose gemcitabine in pan-
creatic cancer cells by LC-MS/MS. The GO results showed the biological process, cell localization and molecular 
function of up-regulated or down-regulated phosphorylated proteins. The identified phosphorylated proteins 
functioned primarily by binding to other proteins or RNAs to regulate various biological processes in cells, induc-
ing CSCs characteristics. Our iTRAQ results showed that a total of 232 phosphorylated proteins were significantly 
altered and we also found multiple activated signaling pathways involved in the acquired stemness of pancreatic 
cancer cells after gemcitabine treatment with KEGG analysis. In these altered signaling pathways, we focused on 
the study of AMPK, Akt and mTOR as representatives, which have been recognized as associated with malignant 
behaviors of pancreatic cancer.

The iTRAQ results of our study showed that the expression of p-AMPK decreased after gemcitabine treatment, 
which was verified in subsequent Western Blot analysis. Moreover, when treated with AMPK activator combined 
with gemcitabine, the stemness of pancreatic cancer including stem cell markers and sphere-forming capability 
decreased. This suggested that inhibition of AMPK signaling pathway was involved in promoting stemness in 

Figure 6.  Interaction of different phosphorylated proteins. Biological network among phosphorylated proteins 
were shown by lines, which represented the interactions.
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pancreatic cancer cells treated with gemcitabine. Combined with existing report that AMPK activation increased 
the chemotherapy sensitivity of pancreatic cancer cells to gemcitabine32, we concluded that gemcitabine pro-
moted the stemness properties by inhibiting AMPK signaling pathway in pancreatic cancer cells. Previous litera-
ture reported that p-AMPK increased slightly but not significantly in AsPC-1 pancreatic cancer cells after 300 nM 
gemcitabine treatment33, which may result from a relatively high concentration. Our results also verified that 
the activity of PI3K/Akt and mTOR signaling pathways increased after gemcitabine treatment, and the stemness 
of pancreatic cancer decreased after treated with PI3K/Akt and mTOR inhibitors combined with gemcitabine 
respectively. This was consistent with the reports that inhibition of PI3K/Akt or mTOR signaling pathways could 
enhance the chemotherapeutic efficacy of gemcitabine on pancreatic cancer patients34,35. These findings suggest 
that activation of PI3K/Akt and mTOR signaling pathways may participate in promoting stemness of pancreatic 
cancer treated with gemcitabine.

Our results also demonstrated that multiple signaling pathways and phosphorylated proteins were altered 
in Patu8988 cells after treated with low dose gemcitabine, such as MAPK, HIF, FoxO and others. MAPK can be 
divided into 4 subfamilies, ERK, p38, JNK, ERK5. In our study, the expression of phosphorylated ERK increased 
after gemcitabine treatment (fold change 1.39) by LC-MS/MS, which indicated the activation of MAPK signaling 
pathway. Previous studies verified that, CSC surface markers, such as CD44 and CD133, could be reduced when 
ERK signaling pathway was inhibited36,37. MAPK pathway may be involved in the acquired stemness in pancreatic 
cancer cells treated with gemcitabine in our study.

In this study, we also found the up-regulation of EGFR, p38 and SKP2, which were enriched into FoxO sig-
naling pathway activation after gemcitabine exposure. It has been reported that the p38 could phosphorylate 
FoxO directly, while the p-Fox0 will be exported into cytoplasm, degraded and lose the transcriptional activ-
ity38. Skp2 could suppress tumor-suppressor effects of FoxO through promoting the degradation of FoxO in the 
nucleus via ubiquitination39. The decreased nuclear accumulation of FoxO will promote proliferation of cells and 
CSCs phenotype, and is associated with poor prognosis by blocking the downstream signaling pathways40,41. Our 
KEGG analysis also found activation of HIF signaling pathway after low dose gemcitabine treatment. Studies have 
demonstrated that overexpression of HIF is associated with poor prognosis in patients with pancreatic cancer42. 
The activation of HIF signaling pathway could promote the chemoresistance and is critical in maintaining the 
characteristics of CSCs in pancreatic cancer43–45. HIF signaling pathway may be involved in the acquired stemness 
of patu8988 cells treated with low dose gemcitabine.

EGFR is a receptor tyrosine kinase, which is involved in the occurrence and development of a variety of 
malignant tumors, such as breast cancer46, non-small cell lung cancer47 and pancreatic ductal adenocarcinoma48. 
In human pancreatic cancer, the expression level of EGFR is closely related to the prognosis of the disease49. 
Moreover, EGFR was reported to modulate the side population in human carcinoma cell lines that possessed stem 
cell properties50. Our results showed that phosphorylated EGFR increased (fold change 1.28) with the increase 
of stemness of pancreatic cancer cells treated with gemcitabine. Moreover, our results also suggest a central posi-
tion of EGFR in regulating and maintaining CSCs induced by gemcitabine because our PPI analysis showed that 
EGFR was interacted with multiple signaling pathways.

In our study, we achieved the phosphorylation changes of multiple proteins by quantitative phosphoproteom-
ics analysis. But these phosphorylated proteins may not function alone, as they have to interact with others to 
establish networks of signaling pathways and complete a series of regulatory functions. Networks of PPIs based 
on the string database have proved to be a tremendous vehicle to develop new hypotheses, design novel experi-
ments and analyze proteomic data. From our PPIs results, there are potential synergistic effects among different 
signaling pathways. More than 90% of pancreatic cancer patients have a K-Ras mutation and the activated Ras 
may drive the progression of pancreatic cancer by regulating the activity of multiple downstream pathways. Our 
KEGG results suggested that gemcitabine treatment promotes the activation of Ras. Moreover, Ras signaling path-
way is interacted with multiple signaling including PI3K/Akt, MAPK, EGFR, HIF and others in our PPI analysis. 
Our study emphasized the pivotal role of K-Ras in acquired stemness of pancreatic cancer cells treated with low 
dose gemcitabine. There may be reciprocal activation of different signaling pathways among them.

Our results also showed the activation of signaling pathways involved in carbon metabolism after gemcitabine 
treatment, which interacted with changes of multiple signaling pathways including PI3K/Akt, AMPK, HIF, mTOR 
and others in our PPI analysis. It has been reported that Akt, AMPK, HIF-1a and FoxO all play important roles in 
glycolysis51–54. Meanwhile, the metabolic reprogramming may govern the phenotypic changes of cancer stemness 
and the enhanced glycolysis could contribute to the self-renewal, treatment resistance and sphere-forming ability 
of CSCs55,56. Thus, we propose a hypothesis that acquired gemcitabine exposure can induce stemness in pancreatic 
cancer via modulating protein kinases mediated carbon metabolism.

In conclusion, our results demonstrate that low dose gemcitabine treatment can cause the changes of protein 
kinases, phosphatases and the corresponding signaling pathways, which may play important roles to induce stem 
cell characteristics in pancreatic cancer cells. There may be complicate interactions among different signaling 
pathways in developing such stemness in the context of gemcitabine exposure in pancreatic cancer.

Methods
Cell culture.  The pancreatic cancer cell line Patu8988 was obtained from Keygen (Key Gen Bio Tech, China) 
and was cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin mixture at 37 °C with 
5% CO2. The cells were treated with gemcitabine (2.5 μg/mL, 48 h), or combined with rapamycin (1 μM, 48 h), 
LY294002 (20 μM, 24 h) and A-769662 (20 μM, 2 h).

Western blot analysis.  The total proteins were extracted with RIPA lysis buffer contained protease inhibitors 
PMSF and cocktails. The proteins were quantified by BCA assay kit (Beyotime Biotechnology, Shanghai, China) 
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according to the manufacturer’s protocol. Equal amounts of proteins were loaded onto 10% SDS-polyacrylamide 
gel electrophoresis and were transferred to PVDF membrane (Millipore, Billerica, MA, USA). The membrane was 
then blocked with 5% non-fat milk for 1 h and incubated with primary antibodies overnight. Primary antibodies 
against GAPDH (1:1000), mTOR (1:1000), p-mTOR (1:1000), Akt (1:1000), p-Akt (1:1000), AMPK (1:1000), 
p-AMPK (1:1000) were all purchased from CST(Cell Signaling Technology, Danvers, MA, USA). After washed 
with TBST, the membrane was incubated with horseradish peroxidase (HRP)-conjugated secondary antibod-
ies and was visualized with enhanced chemiluminescence (Pierce, Thermo Fisher, Waltham, MA, USA). The 
GAPDH was used as internal control.

Flow cytometry analysis.  The changes in CSC (cancer stem cells) markers were detected by flow cytome-
try analysis. Briefly, the treated cells were collected and dissociated into single cell suspension. Each sample was 
given 10 μL antibody and incubated for 30 minutes at 4 °C. After washing with PBS, the samples were analyzed 
with flow cytometer. Antibody against CD24-FITC was obtained from BD Pharmingen (San Diego, CA, USA) 
and anti-CD133-PE antibody was purchased from Miltenyi Biotec (Bergisch Gladbach, Germany). Gemcitabine, 
mTOR inhibitor (rapamycin) and AMPK activator (A-769662) were purchased from Selleck chemicals (Selleck.
cn, Shanghai, China). PI3K/Akt inhibitor (LY294002) was purchased from Beyotime. The flow cytometry analysis 
are determined from three independent experiments.

Apoptosis detection.  The pancreatic cancer cells were seeded into 6-well plates and received different treat-
ment. All the cells were collected including attached and floating cells before detection. Then, they were stained 
with Annexin V-FITC/PI (Antgene Biotechnology, Wuhan, China) according to protocols. The apoptotic cells 
were detected with flow cytometer analysis.

Protein preparation and iTRAQ labeling.  In order to further clarify the underlying mechanisms, we 
used iTRAQ to compare the changes of phosphorylated proteins. Pancreatic cancer cells treated with DMSO or 
gemcitabine for 48 h were harvested, protein extracted, quantified, reduced, cysteine blocked, digested and labe-
led, then the phosphorylated peptides were enriched and analyzed on mass spectrometer. Concretely speaking, 
proteins from the Patu8988 pancreatic cancer cells after gemcitabine treatment were precipitated with cold ace-
tone for 2 h at −20 °C, pelleted by centrifugation at 12000 g, air-dried and dissolved into dissociation buffer. The 
total protein solution was quantified by BCA protein assay kit and protein lysate was added to the samples of high 
concentration to make the final concentration the same between the two groups. What’s more, the same amount 
and same volumes of proteins for two groups were given reductive alkylation and enzymatic hydrolysis. Then, the 
samples were labeled with isobaric tagging reagents according to protocols. iTRAQ reagents were obtained from 
AB SCIEX. The control group was labelled with 113 and 114; the gemcitabine treated group was labelled with 115 
and 116. The results were obtained from three experiments. For every experiment, two independent replicate 
samples of control and gemcitabine treated group were included.

Phosphopeptides enrichment and LC-MS/MS analysis.  The dry samples were re-suspended with 1 ml 
Nano-RPLC buffer A (0.1% formic acid, 2% acetonitrile). After adding 3 ml TiO2 phosphobind buffer, the phos-
phopeptides were enriched according to the protocols of TiO2 kits (TiO2 beads, GL Sciences, Japan). After the 
enrichment, the solution was freeze dried and re-dissolved in Nano-RPLC buffer A. The online Nano-RP liquid 
chromatography was employed on EKsigent nanoLC-UltraTM 2D system (AB SCIEX). The treated samples were 
loaded on C18 NanoLC trap column (3 cm × 100 μm, C18, 3 μm, 150 Å) and washed for 10 min at 2 μL/min. The 
analytical column was C18 reverse phase column (75 μm × 15 cm, C18, 3 μm, 120 Å, ChromXP EKsigent) and the 
elution gradient changed from 5% to 35% in 70 min. The Triple TOF5600 system (AB SCIEX) combined with 
Nanospray 3 source (AB SCIEX, USA) were used to carry out the MS data acquisition.

Identification and quantification of phosphorylated proteins.  Data was processed and analyzed 
according to the Protein Pilot Software v.5.0 (AB SCIEX, USA) software. Match the experimental data with the 
theory data of mass spectrometry in the database to get the results of the identification. Quantification of phos-
phorylated proteins is based on the signal strength of each peptide segment labeled by iTRAQ. The phospho-
rylated proteins are qualitatively defined based on the comparison between the amino acid sequence of peptide 
segments and the peptide information in the database. The changes in differential phosphorylated proteins are 
determined according to the set difference times. The databases include David, Quick GO, String, Gene Ontology, 
Kyoto Encyclopedia of Genes and Genomes. We use KEGG to map the differential phosphorylated proteins to 
model organisms and different phosphorylated proteins are enriched to different pathways. Then, we identify 
the signaling pathways involved in differentially phosphorylated proteins and their functions through the KEGG 
visualization pathway.

Statistical analysis.  The data are expressed as mean ± SEM. The Western Blot results were analyzed by 
Image Lab 3.0 software (Bio-Rad, Hercules, CA, USA). The Student’s t test was performed to compare and analyze 
between two groups. The statistical analysis was evaluated using SPSS 21.0 software. P < 0.05 was considered to 
be statistically different.

Data Availability.  The datasets generated and analyzed during the current study are available from the cor-
responding author on reasonable request.



www.nature.com/scientificreports/

1 0SCienTifiC REPOrTS | 7: 12891  | DOI:10.1038/s41598-017-13330-2

References
	 1.	 Chen, W. et al. Cancer statistics in China, 2015. CA Cancer J Clin. 66, 115–132 (2016).
	 2.	 Seufferlein, T., Bachet, J. B., Van Cutsem, E. & Rougier, P. Pancreatic adenocarcinoma: ESMO-ESDO clinical practice guidelines for 

diagnosis, treatment and follow-up. Ann Oncol. 23, vii33–vii40 (2012).
	 3.	 Bond-Smith, G., Banga, N., Hammond, T. M. & Imber, C. J. Pancreatic adenocarcinoma. Bmj. 344, e2476 (2012).
	 4.	 Burris, H. A. et al. Improvements in survival and clinical benefit with gemcitabine as first-line therapy for patients with advanced 

pancreas cancer: a randomized trial. J Clin Oncol. 15, 2403–2413 (1997).
	 5.	 Hezel, A. F., Kimmelman, A. C., Stanger, B. Z., Bardeesy, N. & Depinho, R. A. Genetics and biology of pancreatic ductal 

adenocarcinoma. Genes Dev. 20, 1218–1249 (2006).
	 6.	 Hermann, P. C. et al. Distinct populations of cancer stem cells determine tumor growth and metastatic activity in human pancreatic 

cancer. Cell Stem Cell. 1, 313–323 (2007).
	 7.	 Dalerba, P. & Clarke, M. F. Cancer stem cells and tumor metastasis: first steps into uncharted territory. Cell Stem Cell. 1, 241–242 

(2007).
	 8.	 Lee, C. J., Dosch, J. & Simeone, D. M. Pancreatic cancer stem cells. J Clin Oncol. 26, 2806–2812 (2008).
	 9.	 Zhang, Z. et al. Gemcitabine treatment promotes pancreatic cancer stemness through the Nox/ROS/NF-κB/STAT3 signaling 

cascade. Cancer Lett. 382, 53–63 (2016).
	10.	 Bhagwandin, V. J., Bishop, J. M., Wright, W. E. & Shay, J. W. The metastatic potential and chemoresistance of human pancreatic 

cancer stem cells. PLoS One. 11, e0148807 (2016).
	11.	 Quint, K. et al. Pancreatic cancer cells surviving gemcitabine treatment express markers of stem cell differentiation and epithelial-

mesenchymal transition. Int J Oncol. 41, 2093–2102 (2012).
	12.	 Olsen, J. V. et al. Global, in vivo, and site-specific phosphorylation dynamics in signaling networks. Cell. 127, 635–648 (2006).
	13.	 Linding, R. et al. Systematic discovery of in vivo phosphorylation networks. Cell. 129, 1415–1426 (2007).
	14.	 Brognard, J. & Hunter, T. Protein kinase signaling networks in cancer. Curr Opin Genet Dev. 21, 4–11 (2011).
	15.	 D’Aguanno, S. et al. Shotgun proteomics and network analysis of neuroblastoma cell lines treated with curcumin. Mol Biosyst. 8, 

1068–1077 (2012).
	16.	 Al-Hajj, M., Wicha, M. S., Benito-Hernandez, A., Morrison, S. J. & Clarke, M. F. Prospective identification of tumorigenic breast 

cancer cells. Proc Natl Acad Sci USA 100, 3983–3988 (2003).
	17.	 Yi, T. et al. Quantitative phosphoproteomic analysis reveals system-wide signaling pathways downstream of SDF-1/CXCR4 in breast 

cancer stem cells. Proc Natl Acad Sci USA 111, E2182–2190 (2014).
	18.	 Wang, Z. et al. Evolution of protein phosphorylation for distinct functional modules in vertebrate genomes. Mol Biol Evol. 28, 

1131–1140 (2011).
	19.	 Xu, B. Q. et al. Gemcitabine enhances cell invasion via activating HAb18G/CD147-EGFR-pSTAT3 signaling. Oncotarget. 7, 

62177–62193 (2016).
	20.	 Zhang, L. et al. Suppression of ErbB-2 in androgen-independent human prostate cancer cells enhances cytotoxic effect by 

gemcitabine in an androgen-reduced environment. Cancer Lett. 285, 58–65 (2009).
	21.	 Skrypek, N. et al. The oncogenic receptor ErbB2 modulates gemcitabine and irinotecan/SN-38 chemoresistance of human pancreatic 

cancer cells via hCNT1 transporter and multidrug-resistance associated protein MRP-2. Oncotarget. 6, 10853–10867 (2015).
	22.	 Nishimura, K. et al. Identification of chemoresistant factors by protein expression analysis with iTRAQ for head and neck carcinoma. 

Br J Cancer. 111, 799–806 (2014).
	23.	 Mertins, P. et al. iTRAQ labeling is superior to mTRAQ for quantitative global proteomics and phosphoproteomics. Mol Cell 

Proteomics. 11(M111), 014423 (2012).
	24.	 Mann, M. et al. Analysis of protein phosphorylation using mass spectrometry: deciphering the phosphoproteome. Trends Biotechnol. 

20, 261–268 (2002).
	25.	 Chen, S. F. et al. Nonadhesive culture system as a model of rapid sphere formation with cancer stem cell properties. PLoS One. 7, 

e31864 (2012).
	26.	 Rizo, A. et al. Repression of BMI1 in normal and leukemic human CD34(+) cells impairs self-renewal and induces apoptosis. Blood. 

114, 1498–1505 (2009).
	27.	 Lu, Y. et al. Knockdown of Oct4 and Nanog expression inhibits the stemness of pancreatic cancer cells. Cancer Lett. 340, 113–123 

(2013).
	28.	 Wuebben, E. L. et al. SOX2 functions as a molecular rheostat to control the growth, tumorigenicity and drug responses of pancreatic 

ductal adenocarcinoma cells. Oncotarget. 7, 34890–34906 (2016).
	29.	 Collins, F. S. & Green, E. D. A vision for the future of genomics research. Nature. 422, 835–847 (2003).
	30.	 de Sousa Cavalcante, L. & Monteiro, G. Gemcitabine: metabolism and molecular mechanisms of action, sensitivity and 

chemoresistance in pancreatic cancer. Eur J Pharmacol. 741, 8–16 (2014).
	31.	 Brandi, J. et al. Proteomic analysis of pancreatic cancer stem cells: Functional role of fatty acid synthesis and mevalonate pathways. 

J Proteomics. 150, 310–322 (2017).
	32.	 Jiang, Z., Chen, X. & Chen, K. YAP Inhibition by resveratrol via activation of AMPK enhances the sensitivity of pancreatic cancer 

cells to gemcitabine. Nutrients. 8, pii: E546 (2016).
	33.	 Chai, X. et al. Metformin Increases Sensitivity of Pancreatic Cancer Cells to Gemcitabine by Reducing CD133+ Cell Populations 

and Suppressing ERK/P70S6K Signaling. Sci Rep 5, 14404 (2015).
	34.	 Wei, W. T. et al. Enhanced antitumor efficacy of gemcitabine by evodiamine on pancreatic cancer via regulating PI3K/Akt pathway. 

Int J Biol Sci. 8, 1–14 (2012).
	35.	 Chien, W. et al. Growth inhibition of pancreatic cancer cells by histone deacetylase inhibitor belinostat through suppression of 

multiple pathways including HIF, NFkB, and mTOR signaling in vitro and in vivo. Mol Carcinog. 53, 722–735 (2014).
	36.	 Li, L. et al. KCTD12 Regulates colorectal cancer cell stemness through the ERK pathway. Sci Rep. 6, 20460 (2016).
	37.	 Karandish, F. & Mallik, S. Biomarkers and targeted therapy in pancreatic cancer. Biomark Cancer. 8, 27–35 (2016).
	38.	 Ho, K. K. et al. Phosphorylation of FOXO3a on Ser-7 by p38 promotes its nuclear localization in response to doxorubicin. J Biol 

Chem. 287, 1545–1555 (2012).
	39.	 Huang, H. et al. Skp2 inhibits FOXO1 in tumor suppression through ubiquitin-mediated degradation. Proc Natl Acad Sci USA. 102, 

1649–1654 (2005).
	40.	 Tothova, Z. et al. FoxOs are critical mediators of hematopoietic stem cell resistance to physiologic oxidative stress. Cell. 128, 325–339 

(2007).
	41.	 Greer, E. L. & Brunet, A. FOXO transcription factors at the interface between longevity and tumor suppression. Oncogene. 24, 

7410–7425 (2005).
	42.	 Hao, J. HIF-1 is a critical target of pancreatic cancer. Oncoimmunology. 4, e1026535 (2015).
	43.	 Méndez, O. et al. Knock down of HIF-1alpha in glioma cells reduces migration in vitro and invasion in vivo and impairs their ability 

to form tumor spheres. Mol Cancer. 9, 133 (2010).
	44.	 Peng, G. & Liu, Y. Hypoxia-inducible factors in cancer stem cells and inflammation. Trends Pharmacol Sci. 36, 374–383 (2015).
	45.	 Sowa, T. et al. Hypoxia-inducible factor 1 promotes chemoresistance of lung cancer by inducing carbonic anhydrase IX expression. 

Cancer Med. 6, 288–297 (2017).



www.nature.com/scientificreports/

1 1SCienTifiC REPOrTS | 7: 12891  | DOI:10.1038/s41598-017-13330-2

	46.	 Iskit, S. et al. Integrated in vivo genetic and pharmacologic screening identifies co-inhibition of EGRF and ROCK as a potential 
treatment regimen for triple-negative breast cancer. Oncotarget. 7, 42859–42872 (2016).

	47.	 Zhou, C. & Yao, L. D. Strategies to improve outcomes of patients with EGRF-mutant non-small cell lung cancer: review of the 
literature. J Thorac Oncol. 11, 174–186 (2016).

	48.	 Rao, C. V. et al. Simultaneous targeting of 5-LOX-COX and EGFR blocks progression of pancreatic ductal adenocarcinoma. 
Oncotarget. 6, 33290–33305 (2015).

	49.	 Tobita, K. et al. Epidermal growth factor receptor expression in human pancreatic cancer: Significance for liver metastasis. Int J Mol 
Med. 11, 305–309 (2003).

	50.	 Ma, L. et al. Cancer stem-like cell properties are regulated by EGFR/AKT/β-catenin signaling and preferentially inhibited by 
gefitinib in nasopharyngeal carcinoma. FEBS J. 280, 2027–2041 (2013).

	51.	 Elstrom, R. L. et al. Akt stimulates aerobic glycolysis in cancer cells. Cancer Res. 64, 3892–3899 (2004).
	52.	 Carling, D. The AMP-activated protein kinase cascade–a unifying system for energy control. Trends Biochem Sci. 29, 18–24 (2004).
	53.	 Lum, J. J. et al. The transcription factor HIF-1alpha plays a critical role in the growth factor-dependent regulation of both aerobic 

and anaerobic glycolysis. Genes Dev. 21, 1037–1049 (2007).
	54.	 Nakae, J., Oki, M. & Cao, Y. The FoxO transcription factors and metabolic regulation. FEBS Lett. 582, 54–67 (2008).
	55.	 Menendez, J. A. Metabolic control of cancer cell stemness: Lessons from iPS cells. Cell Cycle. 14, 3801–3811 (2015).
	56.	 Mimeault, M. & Batra, S. K. Altered gene products involved in the malignant reprogramming of cancer stem/progenitor cells and 

multitargeted therapies. Mol Aspects Med. 39, 3–32 (2014).

Acknowledgements
We thank Tamara K. Locke, Scientific Editor, Department of Scientific Publications, The University of Texas, MD 
Anderson Cancer Center, for editing and proofreading this manuscript. This study was supported by grants from 
the National Natural Science Foundation of China (No. 81372665).

Author Contributions
Q.D., Q.Z. and T.Y. designed the experiments; Q.D., Q.Z., Z.Z., H.W., C.W. and Q.S. acquired and analyzed the 
data; Q.D., Q.Z. H.L. and T.Y. wrote, reviewed and revised the manuscript; T.Y. supervised and coordinated the 
experiments.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-13330-2.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-13330-2
http://creativecommons.org/licenses/by/4.0/

	Mechanistic Evaluation and Translational Signature of Gemcitabine-induced Chemoresistance by Quantitative Phosphoproteomics ...
	Results

	Gemcitabine treatment promotes the stemness markers of pancreatic cancer cells. 
	Differentially expressed phosphorylated proteins identified by iTRAQ based phosphoproteomics analysis after gemcitabine tre ...
	GO analysis of differentially expressed phosphorylated proteins. 
	KEGG pathway enrichment analysis of differentially expressed phosphorylated proteins. 
	Effects of targeted anticancer agents on Patu8988 cells. 
	Interaction of differentially phosphorylated proteins and signaling pathways. 

	Discussion

	Methods

	Cell culture. 
	Western blot analysis. 
	Flow cytometry analysis. 
	Apoptosis detection. 
	Protein preparation and iTRAQ labeling. 
	Phosphopeptides enrichment and LC-MS/MS analysis. 
	Identification and quantification of phosphorylated proteins. 
	Statistical analysis. 
	Data Availability. 

	Acknowledgements

	Figure 1 Gemcitabine treatment promotes the stemness markers of pancreatic cancer cells.
	Figure 2 Workflow of iTRAQ labeling LC-MS/MS.
	Figure 3 Differentially expressed phosphorylated proteins identified by iTRAQ after gemcitabine treatment.
	Figure 4 GO analysis of differentially expressed phosphorylated proteins.
	Figure 5 Effects of targeted anticancer agents on Patu8988 cells.
	Figure 6 Interaction of different phosphorylated proteins.
	Table 1 Enrichment of differentially expressed phosphorylated proteins and signaling pathways associated with aggressive biological behaviors after gemcitabine treatment.




