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Introduction

Cancer initiation and progression is driven by the 
dysregulation of signall ing pathways that control 
fundamental cellular processes including growth, survival, 
differentiation and migration. Aberrations in cell signalling 
resulting in unrestrained phosphorylation of proteins is 
critical to the process of oncogenesis, which is consistent 
with the high rate of mutations in kinases and phosphatases 

in cancers (1,2). Such mutations can act as key disease 
drivers, as seen in the activating mutants of EGFR and 
BRAF in non-small cell lung cancer and melanoma 
respectively, and may predict heightened sensitivity to 
targeted drugs that selectively inhibit these mutant kinases. 
However, the development of acquired resistance to such 
kinase inhibitors is near-universal and involves mechanisms 
that are varied and incompletely understood (3,4). 
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Meanwhile, there are also a number of kinase inhibitors 
that are approved for use in cancers without recognised 
oncogene addiction or predictive biomarkers. Again, in 
most instances the mechanisms of resistance to these agents 
have not been delineated, despite over a decade of genomic 
and transcriptomic research. 

Techniques based on antibody arrays and mass 
spectrometry (MS) enable the characterisation of 
phosphorylation states in hundreds to thousands of 
proteins within a single experiment, and represent a means 
of comprehensive profiling of cancer pathway activation 
(5,6). Phosphoproteomic analyses in preclinical models 
have produced important insights into cancer biology, 
including delineating the functional consequences of 
cancer-associated abnormalities within the genome, 
epigenome and transcriptome (7,8). However, issues relating 
to sample input requirements, the need for specialist 
equipment and personnel, and challenges posed by data 
processing and analysis have meant that the application of 
phosphoproteomics to clinical and translational medicine 
is in its relative infancy (9). Nevertheless, technological and 
methodological advances in phosphoproteomic techniques 
(the subject of a number of recent reviews) (10-12) are likely 
to translate into a rapid growth in the number of clinical 
phosphoproteomics studies over the next 5–10 years. In this 
perspective, we highlight a selection of recent studies that 
demonstrate the feasibility, promise and current challenges 
of phosphoproteomic approaches in identifying drivers and 
resistance mechanisms in clinically-derived tumour material.

Identifying biomarkers and mechanisms of 
treatment resistance

Translational studies that obtain tumour material from 
patients both before and after initiation of a given 
treatment represent a powerful approach for biomarker 
discovery (13). The correlation of biological features of 
pre-treatment tumour with therapeutic response allows for 
the identification of potential mechanisms of sensitivity 
or primary resistance, forming the basis for predictive 
biomarkers and alternative molecular targets. Meanwhile, 
examining the alterations between baseline and post-
treatment exposure provides insight into mechanisms of 
tumour response and escape, which in turn may inform 
strategies for preventing or overcoming acquired drug 
resistance. A small number of reported studies have 
demonstrated the feasibility of applying phosphoproteomic 
techniques to clinical tumour samples collected before and 

after treatment with molecularly-targeted therapies as a tool 
for discovery of resistance mechanisms and biomarkers for 
response. 

Stacchiotti et al. used anti-phospho receptor tyrosine 
kinase (RTK) antibody arrays to investigate phosphoprotein 
correlates with treatment response to the multi-target 
tyrosine kinase inhibitor (TKI) sunitinib and identify 
candidate biomarkers in eight patients with solitary fibrous 
tumour (14). Pre-treatment specimens demonstrated 
strong activation of PDGFRB, EGFR and IGF-IR, 
whilst phosphorylation levels of CSF1R, PDGFRA and 
VEGFRs were present at low levels. Post-treatment tumour 
specimens from two of eight patients were also available 
for analysis. In one patient, the lesions that were resected 
following sunitinib treatment were a lung metastasis that 
demonstrated radiological and histological features of 
progression on treatment, and another lung metastasis that 
had radiologically stabilised with associated histological 
features of tumour regression. Here, analysis of pre-and 
post-treatment samples showed unchanged phospho-
RTK profile in the progressing lesion but a reduction in 
signal for phospho-PDGFRB and IGF-1R in the lesion 
with apparent drug sensitivity. In the second patient, a 
progressive peritoneal nodule was resected following mixed 
radiological response to sunitinib. This lesion showed 
greater levels of activated PDGFRB and EGFR compared 
to pre-treatment baseline, whilst RTKs such as IGF-1R that 
were not phosphorylated in pre-treatment tumour were 
now activated. These findings lead the authors to suggest 
that a shift in signalling dependency from PDGFRB to 
IGF-1R may represent a mechanism of sunitinib resistance. 
This study represents an example of a phosphoproteomic 
approach implicating a change in kinase dependency as 
a resistance mechanism that is potentially amenable to 
additional salvage targeted therapy.

In  a  w indow-of-oppor tun i ty  s tudy  in  HER2-
overexpressing esophago-gastric cancer, De Silva et al. used 
an antibody array platform to assess the levels of phospho-
RTKs in pre- and post-treatment tumour samples to gain 
insight into the baseline and adaptive pathway signalling 
that underlies treatment response or resistance (15). 
Tumour biopsies were obtained at pre-treatment baseline 
and again after 10 days of monotherapy with the anti-
HER2 and EGFR TKI lapatinib. Following this, three 
full cycles of lapatanib in combination with capecitabine 
and oxaliplatin were administered. On completion of this 
neoadjuvant treatment, tumours were surgically resected, 
with the surgical specimen then included in translational 
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analyses. Phosphoproteomic analyses of these three serial 
samples demonstrated a significant drop in the ratio of 
phosphorylated to total amounts of HER2 and EGFR 
after lapatinib monotherapy in 10/10 and 9/10 patients 
respectively. This reduction in RTK activation persisted 
at the time of surgery and was associated with a significant 
reduction in downstream PI3K phosphorylation and a trend 
toward a reduction in the levels of phosphorylated AKT and 
ERK. A possible role for c-Met activation as a mechanism 
of treatment resistance was suggested by the observation 
of higher levels of c-Met phosphorylation post-lapatinib 
in cases with elevated PI3K and ERK activation that 
persisted after lapatinib treatment, indicative of persistent 
downstream signalling despite HER2 and EGFR inhibition. 
Whilst co-expression or co-amplification of c-Met has been 
shown to be an infrequent event in HER2-overexpressing 
cancers of the upper gastrointestinal tract (16), Lee et al. 
demonstrated by phospho-antibody array that co-activation 
of these two RTKs occur in 22% of patients (17), revealing 
a druggable mechanism of resistance to HER2-directed 
therapy that may be underestimated in the absence of 
phosphoproteomic analysis. These results support the 
combination of already available HER2- and c-Met-targeted 
drugs as a means of overcoming primary resistance to 
lapatinib in this disease.

Cheraghchi-Bashi et al. sought to identify protein-
based biomarkers predictive of benefit in the treatment 
of epithelial ovarian cancers with a novel AKT inhibitor 
GSK2141795 (18). The authors initially used antibody 
arrays to assess proteomic and phosphoproteomic changes 
in in vitro and in vivo preclinical models when treated 
with the drug. Through this, an AKT inhibition-related 
signature was developed, consisting of the changes seen 
most consistently across the studied models and that 
included increased phosphorylation of AKT and p38 
MAPK, and decreased phosphorylation of ribosomal 
protein S6, RB1 and PRAS40, a downstream substrate of 
AKT. This signature was then investigated in paired tumour 
biopsies taken from patients with ovarian cancer before 
and after GSK2141795 treatment within a phase 1 trial. 
The authors found a correlation between CA125 tumour 
marker response and an induction of the AKT inhibition-
related signature during drug treatment. Meanwhile, 
patients whose tumours exhibited the signature prior 
to drug exposure experienced less reduction in CA125, 
suggesting that the absence of the AKT inhibition-related 
signature in baseline tumours could act as a predictive 
biomarker for response. This study highlights the potential 

for the findings of phosphoproteomic analysis of preclinical 
models to inform translational research for the discovery of 
clinically meaningful biomarkers.

With a similar rationale to the above studies, Dazert  
et al. applied MS-based phosphoproteomics to a single case 
of hepatocellular carcinoma (HCC) from whom paired 
biopsies of tumour and adjacent normal liver were obtained 
before and after 7 weeks of treatment with sorafenib, a 
multi-target TKI (19). Radiological assessment of the 
patient at week 8 post-sorafenib initiation demonstrated 
tumour progression which, when considered alongside 
levels of the circulating tumour marker alpha-fetoprotein 
that continued to rise throughout treatment, indicated 
either pre-existing or rapidly acquired sorafenib resistance. 
Small needle biopsies were used as input for both proteomic 
and phosphoproteomic MS analysis compared to a super-
SILAC reference consisting of five HCC cell lines. 
Comparison of proteins differentially phosphorylated 
between normal and tumour tissues led to the identification 
of a HCC-specific phospho-signature, while candidate 
biomarkers for sorafenib sensitivity, intrinsic or acquired 
resistance were indicated by phosphosites that were 
respectively downregulated, unchanged or upregulated 
following sorafenib therapy. Furthermore, effective on-
target kinase inhibition by the drug was demonstrated 
by the observed downregulation of MAPK pathway 
components in the post-treatment tumour. Ontology 
enrichment analysis of putative resistance phosphoproteins 
identified epithelial-mesenchymal transition (EMT) and 
cellular adhesion pathways as candidate processes involved 
in sorafenib resistance. This study is the first to use 
quantitative MS-based phosphoproteomics on serial patient 
biopsies and provides a proof-of-concept of the viability of 
this approach in identifying biological signatures that may 
reflect mechanisms of treatment sensitivity and resistance.

Taken together, these studies highlight the potential 
for phosphoproteomic-based analysis to be embedded 
into translational research that aims to identify predictive 
biomarkers for kinase inhibitor response. Although the 
amount of assessable tissue that is available from needle 
biopsies is often significantly limited, these studies show 
that such specimens are adequate for phosphoproteomic 
analysis and can produce meaningful data. 

Integrating phosphoproteomics with genomic 
analysis

Next generation sequencing technologies allow for routine 
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genome and transcriptome-wide tissue profiling that can be 
incorporated into translational research in an increasingly 
affordable manner. The integration of phosphoproteomics 
alongside genomic and transcriptomic data offers 
comprehensive profiling of tumour biology and improves 
the likelihood for successfully identifying mechanisms 
of treatment sensitivity and resistance as well as new 
biomarkers. This has been illustrated by a series of recent 
studies by the National Cancer Institute Clinical Proteomics 
Tumor Analysis Consortium (NCI-CPTAC). In one study 
which included quantitative MS-based proteomic and 
phosphoproteomic characterisation of 105 breast cancers 
comprising a representative balance of intrinsic subtypes, 
an average of >11,500 proteins and >26,000 phosphosites 
per tumour were identified (20). These cases had existing 
genomic and transcriptomic annotation courtesy of 
The Cancer Genome Atlas (TCGA) Consortium and 
subsequent alignment of copy number altered (CNA) genes 
with mRNA, protein and phosphoprotein levels provided 
insight into the potential functional consequences of CNA 
genes. This analyses found that compared to mRNA levels, 
the penetrance of CNA through to the phosphoprotein 
level was more pronounced in known tumour-associated 
genes compared to genes without known oncogenic roles, 
suggesting that determination of phosphoprotein alterations 
that accompany CNA is likely to be the better approach 
of assessing the functional impact of CNA. The authors 
went on to define phosphoproteomic signatures associated 
with each breast cancer intrinsic subtype and in tumours 
harbouring mutations of PIK3CA or TP53. From this, they 
were able to propose novel subtype- or mutation-specific 
effectors. One example in basal breast cancer is SPEG, 
a kinase associated with severe dilated cardiomyopathy 
not previously implicated in breast cancer. Such studies 
highlight the potential of integrated Omics analysis as 
a means to gain novel insights into tumour biology and 
identify potential new therapeutic targets that may not be 
detectable at DNA or transcript level. 

Drake et al. utilised a novel computational pipeline 
known as the TieDIE algorithm to find protein and gene 
interactions related to disease for use in the integration 
of phosphoproteomic and transcriptomic datasets derived 
from metastatic castrate-resistant prostate cancer (21). This 
approach also integrated somatic mutation and CNA data 
from prostate cancer patient samples into the analysis. The 
integrated phosphoproteome-transcriptome network was 
then applied to the study of tumour samples obtained from 
6 patients at autopsy to identify case-specific transcriptional 

and kinase master regulators. This patient-specific 
network analysis demonstrated that whilst the inferred 
transcriptional master regulators were similar across all 
cases, the levels of phosphorylated kinases significantly 
differed. The authors termed this patient-specific network 
analysis as phosphorylation-based cancer hallmarks using 
integrated personalised signatures (pCHIPS). This study 
also implicated several signalling proteins such as PRKDC, 
PRKAA2, PTK2, RPS6KA4 and CDK family members 
as potential new therapeutic targets and/or biomarkers 
in prostate cancer. The fact that the possible therapeutic 
strategies proposed by the phosphoproteomic data differed 
in nearly every patient suggests that there is a likely need to 
approach future phosphoproteomic translational studies in 
an individualised manner.

Challenges and future perspectives

A number of key challenges have so far limited the broader 
adoption of phosphoproteomics in translational cancer 
research. Prominent among these challenges are issues 
relating to clinical sample integrity. The phosphorylation 
status of cellular proteins within tissue begins to change 
within minutes of removal from the body, posing a 
significant challenge to capturing representative tumour 
biology. This issue has been systematically evaluated in a 
series of studies by the NCI-CPTAC. In one study, resected 
tissue from patients with ovarian cancer was subjected 
to variable lengths of cold ischaemia prior to fixation 
by flash freezing (22). Whilst the global proteome level 
measurements were largely unaffected, dramatic changes in 
the phosphoproteome were seen, often within 5 minutes, 
with up to 4% of phosphoserine or phosphothreonine sites 
and 62% of phosphotyrosine sites altered. As a potential 
alternative or adjunct to prospectively collected fresh tissue 
in clinical/translational phosphoproteomic studies, the wide 
availability of large and well-annotated institutional FFPE 
tumour archives represents an attractive resource. However, 
while good correlation between the total proteome 
of matched fresh-frozen and FFPE tissues has been 
demonstrated in a number of MS-based studies (23-25), the 
use of FFPE samples for the study of the phosphoproteome 
remains contentious. In addition to the effect that non-
controlled variation in tissue handling and warm fixation 
may have on phospho-profiles in FFPE tissue, it is currently 
unclear to what degree phosphorylation sites are altered by 
formalin fixation or the process of heat and/or enzymatic 
reversal of formalin-induced protein cross-linking required 
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prior to tissue analysis (26). Reported studies have identified 
several thousand phosphosites from recently prepared 
FFPE tissue samples, with approximately 60% overlap 
with matched fresh frozen tissue—the replicability of 
these data has yet to be shown. It is currently unclear 
whether loss or chemical modification of phosphosites 
by formalin in FFPE tissue occurs at random or whether 
certain sites may be recurrently altered, potentially giving 
rise to phosphoproteome “blind spots” in FFPE tissue 
analysis (27,28). Although the effect of years of storage 
may have on FFPE tissue are difficult to model in a 
controlled experiment, fixation and degradation-related 
artefact signatures could potentially be developed and 
used to correct phosphoproteomic profiles. For example, 
the NCI-CPTAC identified a recurrent ischaemia-related 
phospho-signature that could serve such purpose, although 
the transferability of such a signature requires further 
assessment (29).

As is the case for the use of genomic and transcriptomic 
profiling in precision oncology, temporal and spatial intra-
tumour heterogeneity have significant implications for 
phosphoproteomic profiling of tumours. Reprogramming 
of pathway signalling in response to specific kinase blockade 
is a recognised mechanism of acquired resistance to TKIs in 
multiple cancers, indicating that archival samples collected 
prior to intervening therapies may not reflect the current 
pathway activation status of a tumour (30). Meanwhile, 
significant variation in the phosphoproteome between 
different tumour areas has been shown in a single case of 
colorectal cancer and is likely a widespread phenomenon 
that at least matches and potentially exceeds the degree of 
genomic heterogeneity (22). Repeat biopsies, potentially 
from multiple disease sites, are desirable as a way of 
addressing spatial and temporal heterogeneity but are met 
with perennial logistical issues. Additionally, the sample 
input requirements for enrichment of phosphoproteins 
and subsequent MS must be met and may exceed what 
is available from percutaneous biopsies. The study by 
Dazert et al. does, however, demonstrate the feasibility 
of providing biologically meaningful phosphoproteomic 
data of potential clinical significance from small needle 
biopsies (19). Exciting avenues that may help to address 
the issue of heterogeneity and need for repeat biopsies 
include single cell phosphoproteomics and analysis of 
circulating tumour-derived proteins found in exosomes, 
both increasingly possible as a result of improving 
sensitivity and resolution provided by microfluidics and 

high resolution antibody arrays or MS-based techniques 
(31,32). Lee et al. demonstrated the feasibility and potential 
utility of phosphoproteomic analysis of circulating tumour 
cells (CTCs) in a translational study in gastric cancer (17). 
Here, antibody array-based analysis of the phosphorylation 
status of RTKs in CTCs and ascites-derived tumour 
cells taken from patients with metastatic disease revealed 
heterogeneous pathway activation that reflected what was 
observed in fresh frozen tumour samples taken at resection 
of primary disease. Furthermore, ascites-derived cells 
showed changes in pathway activation when challenged with 
TKI ex vivo. This study highlights the potential application 
of phosphoproteomics to circulating tumour material as an 
avenue for the minimally invasive and dynamic monitoring 
of disease response to molecularly targeted drugs. This 
would represent a powerful tool for biomarker discovery, 
particularly when coupled with MS-based discovery 
experiments. 

The technical and computational demands of MS-
based phosphoproteomics require specialist equipment 
and expert personnel, impacting upon the expense and 
availability for translational research and potential clinical 
application. This challenge can however be overcome by 
subjecting the unbiased global phosphoprotein profiling 
data from discovery experiments to data reduction strategies 
to identify key, recurrent nodal proteins that may then 
be incorporated into larger validation experiments (33), 
potentially as part of companion diagnostics that utilise 
antibody-based technologies which can be integrated with 
corresponding genomic and/or transcriptomic markers (34).

In summary, the accurate mapping of molecular processes 
that dictate therapeutic sensitivity is required to deliver on 
the fundamental promise of precision oncology. Although 
genomic and transcriptomic profiling have revealed a large 
amount of clinically-actionable information, the underlying 
causes of variation in patient response to targeted therapies 
remain poorly understood. Pioneering studies have shown 
early promise for phosphoproteomics as a means of directly 
profiling the activity of targeted agents such as kinase 
inhibitors with the potential to guide novel therapeutic 
strategies and clinical decisions through the identification 
of predictive biomarkers and new drug targets. Whilst 
clinical application of phosphoproteomics is in its infancy, a 
wealth of preclinical experience and improving technologies 
indicates a central role for this approach in translational 
cancer research and precision medicine over the next 
decade. 



Translational Cancer Research, Vol 6, Suppl 6 August 2017

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2017;6(Suppl 6):S1108-S1114 tcr.amegroups.com

S1113

Acknowledgments

Funding: The authors are supported by grants from the 
Institute of Cancer Research (ICR), Cancer Research 
UK (C36478/A19281), The National Institute for Health 
Research (NIHR) Biomedical Research Centre at The 
Royal Marsden NHS Foundation Trust and ICR, and 
the Rosetrees Trust. The views expressed are those of the 
author(s) and not necessarily those of the National Health 
Service (NHS), the NIHR or the Department of Health.

Footnote

Provenance and Peer Review: This article was commissioned 
and reviewed by the Section Editor Bo Zhai (Department 
of Hepatobiliary Surgery, The Fourth Hospital of Harbin 
Medical University, Harbin, China).

Conflicts of Interest: All authors have completed the ICMJE 
uniform disclosure form (available at http://dx.doi.
org/10.21037/tcr.2017.07.05). The authors have no conflicts 
of interest to declare.

Ethical Statement: The authors are accountable for all 
aspects of the work in ensuring that questions related 
to the accuracy or integrity of any part of the work are 
appropriately investigated and resolved. 

Open Access Statement: This is an Open Access article 
distributed in accordance with the Creative Commons 
Attribution-NonCommercial-NoDerivs 4.0 International 
License (CC BY-NC-ND 4.0), which permits the non-
commercial replication and distribution of the article with 
the strict proviso that no changes or edits are made and the 
original work is properly cited (including links to both the 
formal publication through the relevant DOI and the license). 
See: https://creativecommons.org/licenses/by-nc-nd/4.0/.

References

1. Lahiry P, Torkamani A, Schork NJ, et al. Kinase mutations 
in human disease: interpreting genotype-phenotype 
relationships. Nat Rev Genet 2010;11:60-74. 

2. Ostman A, Hellberg C, Böhmer FD. Protein-tyrosine 
phosphatases and cancer. Nat Rev Cancer 2006;6:307-20. 

3. Camidge DR, Pao W, Sequist LV. Acquired resistance to 
TKIs in solid tumours: learning from lung cancer. Nat Rev 
Clin Oncol 2014;11:473-81. 

4. Lovly CM, Shaw AT. Molecular pathways: resistance 

to kinase inhibitors and implications for therapeutic 
strategies. Clin Cancer Res 2014;20:2249-56. 

5. Witze ES, Old WM, Resing KA, et al. Mapping protein 
post-translational modifications with mass spectrometry. 
Nat Methods 2007;4:798-806.

6. Zhang H, Pelech S. Using protein microarrays to study 
phosphorylation-mediated signal transduction. Semin Cell 
Dev Biol 2012;23:872-82.

7. Old WM, Shabb JB, Houel S, et al. Functional proteomics 
identifies targets of phosphorylation by B-Raf signaling in 
melanoma. Mol Cell 2009;34:115-31. 

8. Olsen JV, Blagoev B, Gnad F, et al. Global, in vivo, and 
site-specific phosphorylation dynamics in signaling 
networks. Cell 2006;127:635-48.

9. Pierobon M, Wulfkuhle J, Liotta L, et al. Application of 
molecular technologies for phosphoproteomic analysis of 
clinical samples. Oncogene 2015;34:805-14. 

10. Vyse S, Desmond H, Huang PH. Advances in mass 
spectrometry based strategies to study receptor tyrosine 
kinases. IUCrJ 2017;4:119-30. 

11. Dias MH, Kitano ES, Zelanis A, et al. Proteomics 
and drug discovery in cancer. Drug Discov Today 
2016;21:264-77. 

12. Noujaim J, Payne LS, Judson I, et al. Phosphoproteomics 
in translational research: a sarcoma perspective. Ann Oncol 
2016;27:787-94. 

13. Yap TA, Sandhu SK, Workman P, et al. Envisioning the 
future of early anticancer drug development. Nat Rev 
Cancer 2010;10:514-23. 

14. Stacchiotti S, Negri T, Palassini E, et al. Sunitinib malate 
and figitumumab in solitary fibrous tumor: patterns and 
molecular bases of tumor response. Mol Cancer Ther 
2010;9:1286-97. 

15. De Silva N, Schulz L, Paterson A, et al. Molecular effects 
of Lapatinib in the treatment of HER2 overexpressing 
oesophago-gastric adenocarcinoma. Br J Cancer 
2015;113:1305-12. 

16. Jia YX, Li TF, Zhang DD, et al. The coexpression and 
prognostic significance of c-MET, fibroblast growth factor 
receptor 2, and human epidermal growth factor receptor 
2 in resected gastric cancer: a retrospective study. Onco 
Targets Ther 2016;9:5919-29. 

17. Lee J, Kim S, Kim P, et al. A novel proteomics-based 
clinical diagnostics technology identifies heterogeneity in 
activated signaling pathways in gastric cancers. PLoS One 
2013;8:e54644. 

18. Cheraghchi-Bashi A, Parker CA, Curry E, et al. A putative 
biomarker signature for clinically effective AKT inhibition: 

http://dx.doi.org/10.21037/tcr.2017.07.05
http://dx.doi.org/10.21037/tcr.2017.07.05
https://creativecommons.org/licenses/by-nc-nd/4.0/


Lima et al. Clinical phosphoproteomics on precision oncology

© Translational Cancer Research. All rights reserved.   Transl Cancer Res 2017;6(Suppl 6):S1108-S1114 tcr.amegroups.com

S1114

correlation of in vitro, in vivo and clinical data identifies 
the importance of modulation of the mTORC1 pathway. 
Oncotarget 2015;6:41736-49. 

19. Dazert E, Colombi M, Boldanova T, et al. Quantitative 
proteomics and phosphoproteomics on serial tumor 
biopsies from a sorafenib-treated HCC patient. Proc Natl 
Acad Sci U S A 2016;113:1381-6. 

20. Mertins P, Mani DR, Ruggles KV, et al. Proteogenomics 
connects somatic mutations to signalling in breast cancer. 
Nature 2016;534:55-62. 

21. Drake JM, Paull EO, Graham NA, et al. Phosphoproteome 
Integration Reveals Patient-Specific Networks in Prostate 
Cancer. Cell 2016;166:1041-54. 

22. Gajadhar AS, Johnson H, Slebos RJ, et al. Phosphotyrosine 
signaling analysis in human tumors is confounded by 
systemic ischemia-driven artifacts and intra-specimen 
heterogeneity. Cancer Res 2015;75:1495-503. 

23. Jiang X, Jiang X, Feng S, et al. Development of efficient 
protein extraction methods for shotgun proteome analysis 
of formalin-fixed tissues. J Proteome Res 2007;6:1038-47.

24. Guo T, Wang W, Rudnick PA, et al. Proteome analysis 
of microdissected formalin-fixed and paraffin-embedded 
tissue specimens. J Histochem Cytochem 2007;55:763-72.

25. Nirmalan NJ, Hughes C, Peng J, et al. Initial development 
and validation of a novel extraction method for quantitative 
mining of the formalin-fixed, paraffin-embedded tissue 
proteome for biomarker investigations. J Proteome Res 
2011;10:896-906.

26. Steiner C, Ducret A, Tille JC, et al. Applications of 
mass spectrometry for quantitative protein analysis in 

formalin-fixed paraffin-embedded tissues. Proteomics 
2014;14:441-51.

27. Ostasiewicz P, Zielinska DF, Mann M, et al. Proteome, 
phosphoproteome, and N-glycoproteome are 
quantitatively preserved in formalin-fixed paraffin-
embedded tissue and analyzable by high-resolution mass 
spectrometry. J Proteome Res 2010;9:3688-700.

28. Wakabayashi M, Yoshihara H, Masuda T, et al. 
Phosphoproteome analysis of formalin-fixed and paraffin-
embedded tissue sections mounted on microscope slides. J 
Proteome Res 2014;13:915-24.

29. Mertins P, Yang F, Liu T, et al. Ischemia in tumors induces 
early and sustained phosphorylation changes in stress 
kinase pathways but does not affect global protein levels. 
Mol Cell Proteomics 2014;13:1690-704.

30. Tan AC, Vyse S, Huang PH. Exploiting receptor tyrosine 
kinase co-activation for cancer therapy. Drug Discov 
Today 2017;22:72-84. 

31. Wei W, Shin YS, Xue M, et al. Single-Cell 
Phosphoproteomics Resolves Adaptive Signaling 
Dynamics and Informs Targeted Combination Therapy in 
Glioblastoma. Cancer Cell 2016;29:563-73. 

32. Chen IH, Xue L, Hsu CC, et al. Phosphoproteins in 
extracellular vesicles as candidate markers for breast 
cancer. Proc Natl Acad Sci U S A 2017;114:3175-80. 

33. Huang PH, White FM. Phosphoproteomics: unraveling 
the signaling web. Mol Cell 2008;31:777-81.

34. Ullal AV, Peterson V, Agasti SS, et al. Cancer cell profiling 
by barcoding allows multiplexed protein analysis in fine-
needle aspirates. Sci Transl Med 2014;6:219ra9.

Cite this article as: Lima N, Lee AT, Huang PH. Progress and 
impact of clinical phosphoproteomics on precision oncology. 
Transl Cancer Res 2017;6(Suppl 6):S1108-S1114. doi: 
10.21037/tcr.2017.07.05


