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4 

 INTRODUCTION 

Prostate cancer is the most common diagnosed cancer among men in the U.S with approximately 180,000 

newly diagnosed cases year and the third leading cause of epithelial cancer-related death in men with an 

estimated 26,700 deaths in 2017 (Siegel et al., 2017). One of the biggest challenges during cancer treatment 

is to define the patient subsets that will best respond to appropriate therapies. In prostate cancer, all patients 

are essentially treated the same and there are currently no subtypes to stratify for therapy purposes. 

Molecular targets for metastatic castration resistant prostate cancer (CRPC) include translocations (Tomlins et 

al., 2005), somatic mutations (Grasso et al., 2012), and DNA amplifications (Taylor et al., 2010) but targeting 

AR is still the main focus for current therapies. As resistance to AR therapeutic agents become more 

common, AR independent pathways such as kinase signaling need to be considered as new therapeutic 

options, although activating mutations of kinases in metastatic CRPC are very rare (Grasso et al., 2012). This 

is a major clinical problem and the development of new biomarkers that can either predict disease 

progression (diagnostic) or to stratify patients for effective personalized therapy (predictive) are urgently 

needed. Our strategy is to develop biomarkers geared towards the activated kinases in metastatic CRPC using 

targeted mass spectrometry (T-MS) approaches for clinical diagnostics. Our goal is to generate a minimal 

set, but if necessary up to 100 unique phosphopeptides that behave as surrogates for kinase activation that 

can be used pre-clinically and clinically to evaluate endogenous kinase signaling, as resistance mechanisms to 

conventional therapies, and as biomarkers for patient stratification leading to therapy decisions.  

KEYWORDS 

 Castration resistant prostate cancer

 Phosphoproteomics

 Metastasis

 Kinase

 Targeted Mass spectrometry

 Biomarker

ACCOMPLISHMENTS 

What were the major goals of the project? 

The major aims of the project are to: 

Aim 1: To establish quantitative methods to detect activated kinases for clinical diagnostics. 

Aim 2: To measure activated kinases in pre-clinical xenograft models of prostate cancer.  

Aim 3: To assess efficacy of targeted SIM MS in clinical CRPC tissues for personalized therapy. 

What was accomplished under these goals? 

Aim 1: 

Task 1: We have designed and obtained phosphopeptides for up to 111 different kinases of interest (including 

several phosphosites for a few select kinases) for testing by MS. We have identified 82/111 (74%) of these 

peptides via MS and 39/111 (35%) were detected at 400 attomoles; nearly sensitive enough for detection in 

biopsy tissues. We now have generated a list of our phosphopeptides for targeted MS. Task 1 is completed. 

Task 2: We have purchased a SpikeMix heavy labeled kinase activation loops pool from JPT Innovative Peptide 

Solutions as an alternative to the in house standards. These peptides are labeled at the C terminal using Arg U-

13C6; U-15N4 or Lys U-13C6; U-15N2. The JPT peptide pool contains 466 total peptides (288 phospho and 

178 non-phosphopeptides) from which, we have generated a list of 56 phosphopeptides of interest for detection 

by targeted-MS. Of these, 34/56 peptides (61%) are identical to the custom peptides from the 111 non-heavy 

labeled phosphopeptide pool (mentioned above in Task 1). The remaining 22 evaluate either the same 

phosphoresidue (just a different peptide sequence usually at the termini where trypsin cleaves) or a different 



5 

 phosphoresidue to the same protein. We spiked in serial dilutions of the heavy-labeled peptide pool in the range 

from 10fmol/ul to 80amol/ul along with 0.25ug/ul grape lysate tryptic digest. Of the list of 56 heavy 

labeled peptides we are interested in, we detected 42 (75%) via targeted-MS (Table 1). 17/42 (40%) were 

detected at 160 amol and higher while 19/42 (45%) were detected at 800 amol and higher. Task 2 is still 

underway and we plan on expanding the list of heavy labeled peptides for detection, although this has not been 

done to date due to my transition to the University of Minnesota. 

Task 3: We are also evaluating phosphopeptide enrichment strategies to determine the best sample preparation 

that is necessary to achieve optimum sensitivity using N15 heavy labeled phosphopeptides corresponding to 

kinase activation loops while simultaneously developing our final targeted phosphopeptide list. The purpose is 

to determine when to spike in the heavy labeled phosphopeptides and whether phosphopeptide enrichment 

is necessary (Figure 1, presented last reporting period). The samples we propose to use are cell line-

derived xenografts and we have generated tumors from LNCaP, C4-2, 22Rv1, DU-145, PC3 and NCI-H660 

cell lines and flash frozen for targeted-MS analyses (see Aim 2). We have lysed these tumor samples and 

are in the process of performing enrichment techniques followed by analysis via MS as outlined in Figure 

1 using the heavy labeled phosphopeptides from Table 1. 

Aim 2: 

Task 4: While we are still highly interested in phosphopeptide analyses, we also wanted to see if our targeted 

MS approaches could be used for total protein. We have, as an alternative, analyzed cell line protein lysates 

for the detection of total HER2 and BRAF using HCC1954 and HCC202 breast cancer cell lines and 

UACC903 melanoma cell lines (Figure 2). HER2 is amplified in HCC1954 and low/absent in HCC202 

cell lines as determined by western blot analysis while BRAF is high in the UACC903 cell line (Figure 2). 

Protein lysates from the same cell lines were spiked in with heavy-labeled HER2 protein domain standard 

followed by filter aided sample preparation (FASP) and tryptic digestion for the detection and quantification of 

HER2 by targeted MS (see Figure 7 for workflow). Figure 3A shows the chromatogram peak intensity for 

the tryptic peptide VLGSGAFGTVYK and Figure 3A shows the relative abundance in both cell lines. The 

relative abundance correlates between western blot and MS analyses, i.e. approximately 400 fold higher in 

HCC1954 cell line compared to HCC202 (Figure 2 vs Figure 3C). 

Along the lines of evaluating total proteins, we have started to develop an in house platform where we 

can purify 15N enriched protein domains for targeted MS. To develop the most clinically relevant and 

actionable protein target list, we proceeded to identify and list the 50 most common mutations observed 

across three different targeted genomic sequencing panels (Foundation One (company Rutgers Cancer 

Institute uses for PMI), IMPACT (MSKCC), and CGMP_50 (Cornell), Figure 4). Our approach is to 

develop protein-based biomarkers that can accurately measure the protein expression level of these mutated 

genes in cancer tissues to aid in the prioritization of targeted therapies. Central to this is the capability to 

synthesize and heavy label each individual protein standard for targeted MS assays, which will allow us to 

control production and amounts used for our assays (Figure 5). 

Task 5: Has yet to begin as my transition to the University of Minnesota put a halt to the animal 

experiments shortly after Year 2 progress report was submitted.  

For Aim 3: 

Tasks 6 and 7: To begin an attempt at human samples, we measured the concentrations of 5 cancer-associated 

proteins in samples of human tumors. Fresh frozen tumor tissue and Adjacent Normal Tissue (ANT), 

was obtained from the Rutgers Cancer Institute of New Jersey Biospecimen Repository. Tissue extracts 

were prepared using the Filter-Aided Sample Preparation (FASP)(Ostasiewicz et al., 2010; Wisniewski et al., 

2011) protocol. Using E. coli expression vectors, one or more domains from each of these 5 cancer-associated 

human 
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 proteins were produced with uniform (>98%) 15N-enrichment, purified to >98% homogeneity, and 

protein concentrations were determined. 15N-T-MS was then used to measure endogenous levels of HER2, 

BRAF, EEF2K, ANXA7, and DLV3, in tumor and ANT tissue. Representative targeted MS results for 

BRAF are presented in Figure 6A. A 15N-BRAF domain (residues 149–232) was prepared at 4 dilutions, 

added to the tissue extracts, and the resulting mixtures were processed by trypsin hydrolysis followed by 

targeted MS analysis. Data for the four most dilute standards are shown (red line for tumor sample and purple 

line for ANT sample), demonstrating the excellent linearity of our standard curves. From these data, the 

amount of BRAF was determined to be 0.39 ± 0.02 fmol / 0.5 µg lysate and 0.03 ± 0.01 fmol / 0.5 µg 

lysate, for the tumor and ANT tissue samples, respectively. Hence BRAF is elevated ~13-fold in this tumor 

compared to control tissue (Figure 6B). A survey of the results for the 5 proteins studied (Figure 6B) 

demonstrates that BRAF, EE2FK, and ANXA7 are all significantly and reproducibly elevated in the tumor 

tissue. These data demonstrate that our methods are sufficiently sensitive and quantitative to measure 

several targets simultaneously from clinical samples without sophisticated sample workup, and establish 

feasibility for developing an in house targeted MS platform.   

What opportunities for training and professional development has the project provided? 
Nothing to report. 

How were the results disseminated to communities of interest? 

Nothing to report. 

What do you plan to do during the next reporting period to accomplish the goals? 

I transitioned from Rutgers University to the University of Minnesota and during this transition, all of my lab 

members at Rutgers University moved on to find other positions. Therefore, I was not able to finish my 

anticipated project timelines mentioned in the Year 2 progress report due to lack of personnel and had to 

terminate my grant early. Since there is not another reporting period remaining on this grant, I will continue the 

project using my own funds. 

IMPACT 

What was the impact on the development of the principal discipline(s) of the project? 

Therapeutic targeting of tyrosine kinases in late stage prostate cancer are still underdeveloped. We have begun 

investigation into new ways that we can detect activated, non-mutated kinases in pre-clinical and clinical 

tissues for potential biomarkers leading to better prognosis and therapies.  

What was the impact on other disciplines? 

To date, this is minimal, but we anticipate the results of our studies have the broad capability of expanding to 

other cancer types where detection of activated kinases might be important. This could include ovarian cancer, 

triple negative breast cancer, and osteosarcomas. 

What was the impact on technology transfer? 

Nothing to report. 

What was the impact on society beyond science and technology? 

Nothing to report. 

CHANGES/PROBLEMS 

Changes in approach and reasons for change. 

Nothing to report. 
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Actual or anticipated problems or delays and actions or plans to resolve them. 

In early 2016, I hired a postdoctoral fellow to work on this project but after 3 months left for another position. I 

then hired another postdoc to work on this project that began January 1, 2017. After 4 months, this new hire 

became adjusted to the new environment, was trained on the project, and started to engage on this project. 

However, since I accepted a new position at the University of Minnesota nearly 12 months after this postdoc 

started, it was difficult to gain any momentum finishing the project as we anticipated. While it isn’t the timeline 

I anticipated throughout the grant period, I feel the project will continue beyond the current DoD support and a 

publication will result from this work. If I was able to be granted a one year no cost extension, I feel we could 

have finished the desired tasks related to the project as well. 

Further, an unanticipated setback was that we were unable to detect a significant amount of the custom peptides 

designed and obtained from JPT, even after multiple rounds of synthesis from JPT. From the first batch of 

custom peptides we had synthesized from JPT, we detected 39/52 (75%) at 400amol. However, subsequent 

batches of a new set of 59 phosphopeptides were not detected at all here at Rutgers. We believe several issues 

may have been at play here including but not limited to improper reconstitution of the lyophilized peptides, low 

phosphopeptide yields after synthesis, or difficulty solubilizing the phosphopeptides. This unexpected problem 

has set us back approximately four months as we had to re-order and re-analyze this batch of phosphopeptides. 

After this length of troubleshooting with JPT, we decided to move on from this and proceeded forward using a 

commercially available heavy labeled peptide pool from JPT for targeted MS analyses of a select number of 

phosphorylated kinases. This pool consisted of both total and phosphopeptides mapping to several proteins. 

From this pool, we selected 56 out of the 288 phosphopeptides in the pool for which there were overlap with 

our initial list of 111 phosphopeptides. The 56 phosphopeptides we selected and subsequently detected via MS 

cover a vast range of activated signaling pathways that are relevant to cell cancer biology. We plan on adding to 

our list of phosphopeptides of interest (from the JPT pool) to expand our targets, for which we will design and 

obtain new custom labeled standards to use in Task 7. 

Changes that had a significant impact on expenditures 

I transitioned from Rutgers University to the University of Minnesota and during this transition, all of my lab 

members at Rutgers University moved on to find other positions. Therefore, I was not able to finish my 

anticipated project timelines due to lack of personnel and had to terminate my grant early.  

Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or select 

agents. 

Nothing to report. 

Significant changes in use or care of human subjects. 

Nothing to report. 

Significant changes in use or care of vertebrate animals. 

Nothing to report. 

Significant changes in use of biohazards and/or select agents. 

Nothing to report. 

PRODCUTS 

Publications, conference papers, and presentations. 

Journal publications (Note: These publications were not a direct result of this project but related.) 
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1. Lue HW, Podolak J, Kolahi K, Cheng L, Rao S, Garg D, Xue CH, Rantala JK, Tyner JW, Thornburg KL,

Martinez-Acevedo A, Liu JJ, Amling CL, Truillet C, Louie SM, Anderson KE, Evans MJ, O’Donnell VB,

Nomura DK, Drake JM, Ritz A, Thomas GV (2017) Metabolic Reprogramming Ensures Cancer Cell

Survival Despite Oncogenic Signaling Blockade. Genes Dev. 31(20):2067-2084. PMCID: PMC5733498.

2. de Leeuw R, McNair CM, Schiewer MJ, Neupane NP, Brand LJ, Augello MA, Li Z, Cheng LC, Yoshida

A, Diehl JA, Hazard ES, Courtney SM, Hardiman GT, Hussain MH, Drake JM, Kelly WK, Knudsen KE

(2018) MAPK Reliance via Acquired CDK4/6 Inhibitor Resistance in Cancer. Clin. Cancer Res.

24(17):4201-4214. PMCID:PMC6125187.

3. Cheng LC, Li Z, Graeber TG, Graham NA, Drake JM (2018) Phosphopeptide Enrichment Coupled with

Label-Free Quantitative Mass Spectrometry to Investigate the Phosphoproteome in Prostate Cancer. J. Vis.

Exp. 138:e57996.

4. Ramroop JR, Stein MN, Drake JM (2018) Phosphoproteomics in the Era of Precision Medicine for

Prostate Cancer. Front. Oncol. 8(28):1-18. PMCID: PMC5820335.

5. Xianjuan K, Li B, Olayanju JB, Drake JM#, Chen N# (2018) Nutraceutical or Pharmacological Potential of

Moringa oleifera Lam. Nutrients. 10(3):E343. #Co-corresponding author. PMCID: PMC5872761.

Books or other non-periodical, one time publications. 

Nothing to report. 

Other publications, conference papers, and presentations. 

Invited Presentations 

PPCR/SPORE Seminar, Fred Hutchinson Cancer Research Center, Seattle, WA, “Phosphoproteomics-based 

analyses to identify signaling pathways in lethal prostate cancer.” April 2018 

NIH-Sponsored Frontiers in Stem Cells in Cancer Advanced Training Course, Xavier University, New Orleans, 

LA, “Phosphoproteomics in prostate cancer.” May 2018 

Website(s) or other Internet site(s) 

Nothing to report. 

Technologies or techniques. 

Nothing to report. 

Inventions, patent applications, and/or licenses. 

Nothing to report. 

Other products. 

Nothing to report. 

PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS 

What individuals have worked on the project? 

Name: Johnny Ramroop 

Project Role: Postdoctoral Fellow, Dr. Drake Laboratory 
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Researcher Identifier 
(e.g. ORCID ID): NA 

Nearest person 
month worked: 4 

Contribution to 
Project: 

Dr. Ramroop attempted to finish the wet lab targeted MS experiments but due 
to my change in institutions, he had to find a new opportunity and wasn’t able 
to accomplish the required tasks.  

Funding Support: NA 

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel since the last 

reporting period? 

Nothing to report.  

What organizations were involved as partners? 

Dr. Peter Lobel 

Organization Name: Rutgers University 

Location of Organization: Piscataway, NJ 

Partner’s Contribution to the Project: Collaboration 

SPECIAL REPORTING REQUIREMENTS 

None 

APPENDICES (see attached) 

 Supporting Data (Figures 1-7 and Table 1)

 Publication in Genes and Development

 Publication in Clinical Cancer Research

 Publication in Journal of Visual Experiments

 Publication in Frontiers in Oncology

 Publication in Nutrients
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Table 1

Table 1. List of heavy labeled peptides detected by targeted MS.
Selected peptides from the JPT kinase activation loops pool that were detected by targeted MS. The 
precursor M/Z and average peptide retention times for each peptide are shown. Results for the 
highlighted peptides are shown in Figures 1-7.

Peptide ID Peptide Modified Sequence Precursor M/Z
Peptide RT 
(Average)

ABL1 Y412 LMTGDTpYTAHAGAK 762.835823 21.23

BTK Y551 YVLDDEpYTSSVGSK 825.854933 29.12

CHEK2 S379 IYNGDYpYR 577.233106 23.6

CHEK2 S379 ILGETpSLMR 555.268634 37.7

CSF1R Y809 DIMNDSNpYIVK 700.306367 35.05

DDR1 Y796 NLYAGDpYYR 612.751663 29.59

DDR2 Y740  NLYSGDpYYR 620.74912 28.07

ERBB4 Y1056 SEIGHSPPPApYTPMSGNQFVYR 842.378003 37.53

FGFR1 Y653 DIHHIDpYYK 431.19146 23.31

FGFR1 Y654 DIHHIDYpYK 431.19146 22.84

FGFR2 656 DINNIDpYYK 623.267568 30.04

FGFR2 657 DINNIDYpYK 623.267568 27.91

FGFR3 647 DVHNLDpYYK 627.767735 26

FGR Y412 DDEpYNPCQGSK 700.749414 19.19

FLT3 Y842 DIMSDSNpYVVR 694.793202 32.83

FRK Y387 VDNEDIpYESR 665.265331 21.47

FYN Y420, LCK Y394, SRC Y419, YES Y426    LIEDNEpYTAR 657.286067 22.36

FYN Y440, YES1 Y446, SRC Y439 WTAPEAALpYGR 662.801687 36.48

HCK Y411, LYN Y397 VIEDNEpYTAR 650.278242 20.92

ITK Y512 FVLDDQpYTSSTGTK 825.362925 31.49

JAK1 Y1034 EYpYSVHNK 564.236071 19.14

KIT Y823 NDSNpYVVK 513.722796 20.69

MAP2K1 S218, MAP2K2 S222  LCDFGVSGQLIDpSMANSFVGTR 822.035248 59.18

MAPK1 Y187 VADPDHDHTGFLTEpYVATR 745.331158 35.12

MAPK11 Y182 QADEEMTGpYVATR 780.817405 24.75

MAPK14 Y182 HTDDEMTGpYVATR 793.31503 22.63

MAPK3 T198 IADPEHDHpTGFLTEYVATR 754.674925 40.01

MAPK3 T202 IADPEHDHTGFLpTEYVATR 754.674925 42.77

MAPK3 Y204 IADPEHDHTGFLTEpYVATR 754.674925 36.23

MET Y1234 EpYYSVHNK 564.236071 19.83

MET Y1235 EYpYTVK 445.692976 21.2

NTRK2 Y706 DVYSTDpYYR 636.24641 25.44

PDGFRA Y849 DIMHDSNpYVSK 698.788342 23.86

PDGFRB Y857 DSNpYISK 457.690965 19.38

PTK6 Y342 EDVpYLSHDHNIPYK 606.604369 28.18

PTK6 Y342 and Y351 EDVpYLSHDHNIPpYK 633.259813 26.97

PTK6 Y351 EDVYLSHDHNIPpYK 606.604369 26.86

RET Y900 DVpYEEDSYVK 667.767598 25.03

RET Y905 DVYEEDSpYVK 667.767598 23.93

RPS6KA5 Y212 AYpSFCGTIEYMAPDIVR 1041.950636 55.74

TYK2 Y1054 AVPEGHEpYYR 655.775669 20.96

VEGFR2 Y1059, FLT4 Y1068 DPDpYVR 427.66961 19.94



Figure 1

Figure 1. Proposed methods for phosphopeptide spike in and enrichment for Targeted MS.
Different methods will be used to determine the optimum sensitivity and when to spike in the heavy
labeled phosphopeptides (A-C) and when to perform enrichment protocols (D-F). These will be
tested on our generated cell line derived xenografts.



Figure 2. Western blot of amplified HER2 does not

always connect to protein expression. Western blot

analysis of 2 breast cancer cell lines (HCC1954, HCC202)

and a melanoma cell line (UACC903) of 2 key proteins

related to their genomic information. When analyzing HER2

overexpression, only HCC1954 overexpressed HER2 while

the other HER2 genomically amplified cell line, HCC202, did

not. This demonstrates that genetic amplification of a key

driver event in breast cancer, HER2, would benefit from a

complementary proteomic assay to confirm HER2 protein

levels for targeted therapies.
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Figure 3. Western blot and Targeted MS/MS quantification of HER2.
(A) Western blot analysis of protein lysate from HCC1975 and HCC202 breast cancer cell lines probed
for total HER2 protein. (B) Mass spectrum chromatograms of HER2 – VLGSGAFGTVYK tryptic peptide.
(C) Log10 relative abundance of the HER2 peptide in both cell lines showing approximately 400 fold higher
in HCC1954 compared to HCC202.



List of 50 Proteins Selected for Targeted MS

ABL1 AKT2 ALK APC ATM BRAF CDH1 CDKN2A CSF1R CTNNB1

EGFR ERBB2 ERBB4 EZH2 FBXW7 FGFR1 FGFR2 FGFR3 FLT3 GNA11

GNAQ GNAS HNF1A HRAS IDH1 IDH2 JAK2 JAK3 KDR KIT

KRAS MET MLH1 MPL NPM1 NRAS NOTCH1 PDGFRA PIK3CA PTEN

PTPN11 RB1 RET SMAD4
SMARC

B1
SMO SRC STK11 TP53 VHL

Figure 4. Selection of protein targets for generation of 15N peptide

standards and availability of expression vectors. 50 targets were

selected based on the overlap of these genes between three different

targeted genomic sequencing panels (Foundation One,

IMPACT_MSKCC, and CGMP_50). The genes marked in boxes are the

four we will initially analyze to validate our 15N-T-MS approach. E. coli

protein expression vectors for one or more domain (and/or full-length)

constructs are available at Rutgers for 20 of the corresponding proteins

(highlighted in red). Protocols for producing domain (and/or full-length)

constructs of 30 additional proteins in E. coli (blue), HEK293 (green),

and CHO or insect (black) cells are published for the corresponding 3D

protein structures deposited in the Protein Data Bank (www.pdb.org).
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Figure 5. One-step Purification of 15N-enriched Protein Domains

Under Denaturing Conditions. Domain constructs of BRAF and

HRAS were expressed with N-terminal hexa-His tags, solubilized in 8

M urea, and purified using NiNTA affinity columns under denaturing

conditions. T – total cell pellet, S – water soluble fraction of total cell

pellet, P – NiNTA purified sample. Yields were 24 mg/L and 44 mg/L

for HRAS and BRAF constructs, respectively. Although these two

constructs can also be purified without urea solubilization, the yield of

human proteins expressed in E. coli with poor solubility can be

significantly improved by purification under solubilizing conditions.

Where required, target proteins can be further purified using gel

filtration chromatography.
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Figure 6. 15N-based SID-MRM mass spectrometry results for a

panel of proteins. A. Standard curve dilution analysis of heavy

labeled BRAF peptide spiked into both normal (purple line) and

tumor (red line) tissue. B. Summary of five different proteins and

their respective peptides observed in both normal and tumor

tissue. ANT = adjacent normal tissue, fmol = femto-moles. N.D. =

not detectable.
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Metabolic reprogramming ensures cancer
cell survival despite oncogenic signaling
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There is limited knowledge about the metabolic reprogramming induced by cancer therapies and how this con-
tributes to therapeutic resistance. Here we show that although inhibition of PI3K–AKT–mTOR signaling markedly
decreased glycolysis and restrained tumor growth, these signaling and metabolic restrictions triggered autophagy,
which supplied the metabolites required for the maintenance of mitochondrial respiration and redox homeostasis.
Specifically, we found that survival of cancer cells was critically dependent on phospholipase A2 (PLA2) to mobilize
lysophospholipids and free fatty acids to sustain fatty acid oxidation and oxidative phosphorylation. Consistent with
this, we observed significantly increased lipid droplets, with subsequent mobilization to mitochondria. These
changes were abrogated in cells deficient for the essential autophagy gene ATG5. Accordingly, inhibition of PLA2
significantly decreased lipid droplets, decreased oxidative phosphorylation, and increased apoptosis. Together, these
results describe how treatment-induced autophagy provides nutrients for cancer cell survival and identifies novel
cotreatment strategies to override this survival advantage.

[Keywords: autophagy; cancer; metabolism; phospholipid; resistance; signaling]
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Despite significant advances in precision cancer thera-
pies, tumor regressions are variable and rarely complete.
Although the molecular basis of how cancer cells survive
therapies that are designed to kill them (i.e. drug-tolerant
“persister” cells) is likely due to a mixed set of mecha-
nisms, we reasoned that at its root are subpopulations of
drug-tolerant cancer cells that can rewire their signaling
and metabolic networks to adapt to treatment-imposed
proliferative, survival, and nutrient restrictions. While re-
wired compensatory oncogenic signaling (e.g., mediated
through bypass pathways, receptor amplification, and sec-
ond site mutations) have been well documented, little is
known about the metabolic reprogramming induced by
treatment and how this contributes to resistance.
To better understand the metabolic consequences of

anti-cancer treatment, we studied metabolic reprogram-

ming in the context of PI3K pathway inhibition. The
PI3K pathway, which includes the PI3K holoenzyme and
its truncal effector kinases, AKT and mTOR, is essential
for cell growth, proliferation, survival, and metabolism.
However, clinical responses to PI3K–AKT–mTOR inhibi-
tors have beenmodest to date (Fruman and Rommel 2014;
Toska and Baselga 2016). We hypothesized that the limit-
ed ability of PI3K–AKT–mTOR inhibitors to induce can-
cer cell death was due to the autophagy-mediated
metabolic reprogramming that enabled drug-tolerant cells
to survive despite therapy-enforced nutrient restrictions.
Our hypothesis was based on the knowledge that nutri-
ents derived from autophagic degradation are reused to
maintain macromolecular synthesis and or oxidized to
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maintain bioenergetics (Galluzzi et al. 2015). Additional-
ly, due to the central role that the PI3K–AKT–mTOR
pathway has in regulating cellular growth, we reasoned
that small molecule inhibitors that converge directly or
indirectly on this pathway would similarly induce
autophagy to sustain drug-tolerant cells, therefore extend-
ing the reach of this mechanism of resistance beyond spe-
cific PI3K–AKT–mTOR inhibitors.

Thus far, the therapeutic reflex to block autophagy is to
add anti-malarial lysosomotropic inhibitors such as chlo-
roquine, but the clinical responses to these drugs have
been variable and noncurative (Goldberg et al. 2012; Shan-
ware et al. 2013; Rosenfeld et al. 2014; Towers and Thor-
burn 2016). Therefore, it would be clinically impactful to
directly target the metabolic enzymes mediating autoph-
agy-fueled metabolic processes on which drug-tolerant
cells are dependent. However, there have not been any
therapeutically tractable metabolic enzymes identified
in the setting of therapy-induced autophagy.

Here, we identify CYT387, a JAK inhibitor that induces
autophagy by inhibiting mTOR complex 1 (mTORC1).
Consequently, by relieving the inhibitory signal transmit-
ted frommTORC1 to PI3K, treatment with CYT387 leads
to activation of the PI3K–mTORC2/AKT pathway. Com-
biningCYT387withMK2206, anallostericAKT inhibitor,
did not induce any tumor regressions despite effectively
inhibiting PI3K–AKT–mTORC1/2 activation. Notably,
the combination treatment further increased autophagy.
This suggested that inhibition of signaling pathways alone
would be insufficient to kill all tumor cells. Subsequently,
we performed global metabolic profiling to systematically
document the immediate metabolic adaptations effected
by the therapy-induced autophagic processes. We show
that autophagy-mediated metabolic adaptations support-
ed cancer cell survival. Autophagy was required for these
metabolic adaptations because these changes were abro-
gated in cells deficient for the essential autophagy gene
ATG5. Subsequently, we identified that phospholipase
A2 (PLA2), the rate-limiting enzyme responsible for cata-
lyzing the breakdown of phospholipids to lysophospholi-
pids and fatty acids, had an important role in the survival
of cancer cells. Pharmacological inhibition of this enzyme
dampened oxidative phosphorylation (OXPHOS) and fur-
ther increased apoptosis when combined with CYT387–
MK2206 combination treatment. Our findings highlight
a previously unappreciated role for PLA2 in conferring a
survival advantage to drug-tolerant cancer cells in meta-
bolically restricted environments, demonstrate that this
enzyme supports autophagy-induced metabolic repro-
gramming, and, importantly, provide a path forward for
novel cotreatment strategies.

Results

CYT387 induces autophagy through the modulation
of the PI3K–AKT–mTOR pathway

To precisely identify which cancer drugs induce autopha-
gic flux by inhibiting the mTORC1 pathway, we used a li-
brary of 116 clinically focused and mechanistically

annotated compounds that included activity against
two-thirds of the tyrosine kinome as well as other nontyr-
osine kinase pathways on a human renal cell carcinoma
(RCC) cell line, ACHN (Leonard et al. 2016; Maxson
et al. 2013, 2016) (see Supplemental Fig. S1A for a sche-
matic of the workflow; see Supplemental Table 1 for a
list of drugs and known targets). We monitored mTORC1
activity through phosphorylation of S6 and combined this
with ameasurement of p62 steady-state levels as an initial
screen of autophagy flux (Joachim et al. 2015) in a high-
content imaging screen.

Remarkably, the screen identified several structurally
different Janus kinase (JAK) inhibitors as potent inducers
of autophagic flux; namely, pan-Jak inhibitor (JAK1,
JAK2, and JAK3), Go6978 (JAK 2), ruxolitinib (Jak1 and
Jak2), andCYT387 (JAK1 and JAK2). All four drugs potent-
ly inhibited S6 phosphorylation, pointing to a mTORC1-
dependent mechanism. Since JAK inhibitors as a class of
compounds scored highly in our screen and because
CYT387 was the most potent JAK inhibitor to induce
autophagic flux and simultaneously decrease S6 phos-
phorylation in solid tumor cells in our screen, we selected
this small molecule for further validation. CYT387
(momelutinib) is an orally available JAK1–2 inhibitor
that has improved splenomegaly and reduced anemia in
myeloproliferative neoplasia (MPN) patients (Patel et al.
2016; Winton and Kota 2017). In support of this,
CYT387 suppressed the phosphorylation of JAK; its sub-
strate, STAT3; and S6 in human RCC and MPN cell lines
(Supplemental Fig. S1B,C). CYT387 induces autophagy
that is reversible—as seen by the reduction in LC3B lipida-
tion within 24 h of removal of drug—and correlated with
reversal of the p-STAT3, p-S6, and p-AKT phosphoryla-
tion patterns (Supplemental Fig. S1D).

CYT387 treatment of ACHN human RCC cells plated
on coverslips resulted in decreased p62 protein expression
and phosphorylated S6 levels by immunofluorescence
staining, confirming our high-content imaging finding
(Fig. 1A). Accordingly, we observed that treatment with
CYT387 induced autophagy in multiple human RCC
and MPN cell lines and was primarily cytostatic (Supple-
mental Fig. S1E,F). Immunoblots confirmed the induction
of autophagy by CYT387, as seen by the conversion of
LC3-I to LC3-II, the degradation of p62, and inhibition of
mTORC1 (as seen by decrease in phosphorylated S6)
(Fig. 1B). We additionally confirmed that CYT387 treat-
ment induced autophagic flux by several different meth-
ods. (1) We stably expressed a mChery-EGFP-LC3
reported in ACHN cells, which takes advantage of the
fact that EGFP fluorescence is quenched in the acidic en-
vironment of the autolysosome relative to mCherry (Deb-
nath 2008). CYT387 treatment resulted in decreased
expression of green–yellow cells and increased expression
of red cells (Supplemental Fig. S2A). (2) We stained
CYT387-treated ACHN cells with the autofluorescent
compound monodansylcadaverine (MDC), a marker of
autolysosomes, and found that CYT387 increased MDC
autofluorescence (Supplemental Fig. S2B; Turcotte et al.
2008). (3) CYT387 increased LC3-II levels in ACHN cells,
and this increase was more pronounced in the presence of
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Figure 1. CYT387 induces autophagy in human cancer cell lines and patient-derivedmodels. (A) ACHN cells were grown on coverslips,
treated with CYT387 for 24 h, and stained p62 and p-S6. (B) ACHN cells were treated with increasing doses of CYT387 (0–2 µM) and
immunoblotted with LC3, p62, p-S6, total S6, p-STAT3, total STAT3, and β-actin. (C ) ATG5+/+ and ATG5−/− MEFs were treated with
0–3 µM CYT387 for 24 h, and LC3 processing was evaluated by immunoblotting. (D) Immunoblot for LC3 and p-STAT3 and ATG5 in
ACHN cells transiently transfected with siRNA againstATG5. β-Actin was used as a loading control. (E) Patient-derived organotypic cul-
tures were treated with CYT387 for 24 h and stained with p-S6 and LC3B (images from two different patient tumors are shown). (F,G)
Quantification of p-S6 (F ) and LC3B (G) staining in patient-derived organotypic cultures (bar graph). n = 10 patients. (H) Supervised hier-
archical clustering heat maps of phosphoserine and phosphothreonine (pST) peptides and phosphotyrosine (pY) peptides identified from
CYT387-treated and untreated ACHN and SN12C human RCC cells with two technical replicates. Five-hundred-thirteen unique pST
phosphopeptides (rows) and 180 unique pY phosphopeptides were either fourfold more enriched or fourfold less enriched, on average
(t-test, P < 0.2), in CYT387-treated cells compared with untreated cells (phosphopeptide lists are in Supplemental Tables 2, 3). (I ) Relative
phosphorylation abundance between ACHN and SN12C CYT387-treated and untreated cells. RPS6 S236, S240 was found in the pST un-
supervised heatmap. (Ctrl) Control; (CYT)CYT387. (∗) P < 0.05; (∗∗) P < 0.01; (∗∗∗) P < 0.001, unpaired t-test. (J) Kinase substrate enrichment
analysis (KSEA) of CYT387-treated and untreated pST data. Hits > 5; false discovery rate [FDR] < 0.05. A positiveNKS (normalized Kolmo-
gorov-Smirnov score) infers greater kinase activity in CYT387-treated cells, while a negative NKS indicates greater activity in untreated
cells (unfiltered summary is in Supplemental Table 4). (K ) KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways found fromDA-
VID analysis of relatively active genes due to CYT387 treatment. The DAVID input list was generated by interpreting functional anno-
tations of pSTY data (the complete pathway list is in Supplemental Table 2).
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E64D/pepstatin (which inhibits the protease-induced re-
conversion of LC3-II into LC3-I), consistent with an in-
crease in autophagosome formation (Supplemental Fig.
S2C; Tanida et al. 2005). (4) CYT387 increased the number
of double-membraned autophagosomes, which are patho-
gnomonic of autophagy as determined by transmission
electron microscopy (Supplemental Fig. S2D; Klionsky
et al. 2016). Notably, CYT387 was able to induce autoph-
agy in a dose-dependent manner in murine embryonic fi-
broblasts (MEFs) that retained the essential autophagy
gene ATG5 (ATG5+/+), as seen by the lipidation of LC3
(Fig. 1C) (Cecconi and Levine 2008; Fung et al. 2008).
Conversely, CYT387 did not induce autophagy in
ATG5-deficient cells (ATG5−/−). Likewise, CYT387-in-
duced autophagy was abrogated with siRNA depletion of
ATG5 in ACHN cells (Fig. 1D). To extend our studies
into clinical samples, we exposed patient-derived RCC
organotypic cultures to CYT387 treatment for 24
h. Importantly, CYT387 significantly induced LCB ex-
pression while simultaneously reducing phosphorylated
S6 levels (Fig. 1E,F).Taken together, these results indicate
that CYT387 treatment induces autophagic flux in both
human RCC cell lines and patient-derived tumors.

To obtain further insight into the signaling pathways af-
fected by CYT387 treatment, we studied changes in the
phosphoproteome of two different human RCC cells
(ACHN and SN12C) after CYT387 treatment using quan-
titative phosphoproteomics (Rush et al. 2005;Moritz et al.
2010; Zhuang et al. 2013). Supervised hierarchical cluster-
ing revealed that 513 phosphoserine and phosphothreo-
nine (pST) peptides and 180 phosphotyrosine (pY)
peptides significantly differed between treated and un-
treated cells (Fig. 1H; Supplemental Tables 2–9). We ob-
served two phosphopeptides to be hypophosphorylated
at inhibitory residues T1462 and S1798 in tuberous sclero-
sis complex 2 (TSC2) in CYT387-treated cells (Manning
et al. 2002; Roux et al. 2004). Rapamycin-insensitive com-
panion of mTOR (RICTOR) in CYT387-treated cells was
hypophosphorylated at T1135. RICTOR is a subunit of
mTORC2 (Kim et al. 2017), but the phosphorylation of
T1135 is mediated by mTORC1 via induction of the
p70S6 kinase (Julien et al. 2010) and impedes the ability
of mTORC2 to phosphorylate AKT on S473 (Fig. 1I; Dib-
ble et al. 2009). As expected, ribosomal protein S6 at resi-
dues S236 and S240 and STAT3 Y705 trended toward
hypophosphorylation, and p70S6 kinase (RPS6KB) was
significantly less active in CYT387-treated cells based
on kinase substrate enrichment analyses (KSEAs) (Fig.
1J; Drake et al. 2012). However, KSEAs of AKT motifs
were inconclusive, as some motifs trended toward in-
creased activity and others trended toward decreased ac-
tivity in CYT387-treated cells. DAVID analysis of genes
corresponding to the phosphopeptides and activated in
CYT387-treated cells (Supplemental Tables 10, 11) also
revealed several KEGG (Kyoto Encyclopedia of Genes
and Genomes) pathways that are biologically relevant to
CYT387 treatment, including glycolysis, amino acid bio-
synthesis, and central carbon metabolism (Fig. 1K; Huang
da et al. 2009a,b). In support of these phosphoproteomics
findings, mRNA analysis of CYT387-treated ACHN cells

using gene set enrichment analysis (GSEA) of multiple
independent data sets revealed significant enrichment
of genes involved in several metabolic pathways, while
biological modules associated with mTOR (e.g., cell cycle
and protein synthesis) were anti-correlated with CYT387
treatment. (Supplemental Tables 12, 13).

Collectively, the phosphoproteome and transcriptome
data provide strong evidence that CYT387 treatment re-
ducesmTORC1 signaling to increase TSC2 andmTORC2
signaling leading to AKT activation and is coupled with
changes in metabolic pathways.

PI3K–AKT–mTOR inhibition treatment restrains tumor
growth but does not induce tumor regression

We reasoned that the CYT387-induced inhibition of
mTORC1 would relieve the inhibitory feedback signal
normally transmitted frommTORC1 to PI3K, as the phos-
phoproteomic data suggested via KSEA, and that this
would result in hyperactivation of PI3K and AKT, with
consequent prosurvival signaling. Consistentwith this in-
terpretation, CYT387 treatment caused an increase in
AKT T308, the PDK-1-catalyzed site that serves as read-
out for PI3K signaling in a time-dependent manner (Sup-
plemental Fig. S3A,B). Notably, CYT387 did not
dephosphorylate ERK (Supplemental Fig. S3C). Therefore,
we sought to identify PI3K–AKT pathway inhibitors that
would effectively cooperate with CYT387 to induce apo-
ptosis. We used GDC-0941, a pan-PI3K inhibitor (Sarker
et al. 2015); BX795, a PDK-1 inhibitor (Dangelmaier
et al. 2014); and MK2206 (Yap et al. 2011), an allosteric
AKT inhibitor, to chemically deconstruct this signaling
pathway, as depicted in the schematic (Supplemental
Fig. S3D–F). We first assessed the biologic effects of these
inhibitors on proliferation and apoptosis in human RCC
cells singly and in combination with CYT387 (Fig. 2A–

D). While GDC-0941, BX795, and MK2206 alone exhibit-
ed some anti-proliferative effects, the combination with
CYT387 resulted in significantly greater inhibition of pro-
liferation in ACHN and SN12C cells. In marked contrast,
all drugs as single agents had little or no effect on apopto-
sis, but the combination of either agent with CYT387 re-
sulted in increased apoptosis. This was most striking in
the CYT387 and MK2206 combination (Fig. 2B,D), and
we therefore selected MK2206 for further in vivo studies.
We investigated the mechanisms by which MK2206 and
CYT387 cooperated to suppress tumor growth in RCC
cells (Fig. 2E,F).MK2206 effectively inhibited AKT activa-
tion, as documented by dephosphorylation of both p-AKT
Thr308 and p-Ser473 and the AKT substrate PRAS40.
Consistentwith prior results, suppression of AKT induced
autophagy, as seen by the conversion of LC3-I to LC3-II.
Suppression of mTORC1 by CYT387 led to feedback acti-
vation of PI3K, as seen by the increase in phosphorylation
of p-AKTThr308 (which serves as a readout for PI3K activ-
ity) and mTORC2 (as monitored by AKT Ser473 phos-
phorylation). Subsequently, combining MK2206 with
CYT387 effectively inhibited both AKT and mTORC1
to almost undetectable levels and induced apoptosis
(cleaved caspase 3). Thus, by inhibiting the PI3K–AKT–
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Figure 2. CYT387 combines with MK2206 to effectively inhibit PI3K–AKT–mTOR signaling in human cancer cell lines and xenografts
but does not induce tumor regression. (A,B) Combination treatment with GDC0941, BX795, and MK2206 with measurement of cell vi-
ability in two human RCC cell lines: ACHN (A) and SN12C (B). (C,D) The same combinations as inA, withmeasurement of apoptosis by
cleaved caspase 3/7 inACHN (C ) and SN12C (D) cells. (E) A heatmap of signaling kinase arrays shows the effects ofCYT387,MK2206, and
CYT387+MK2206 cotreatment in ACHN cells at 24 h and 72 h after treatment. (F ) Immunoblot for LC3, p-AKT Thr308, p-AKT Ser473,
total AKT, p-PRAS40, total PRAS40, p-S6, total S6, p-STAT3, total STAT3, and β-actin. (G) Patient-derived organotypic cultures treated
with DMSO (control), CYT387, MK2206, and the CYT387+MK2206 combination for 24 h exhibit an increase in LC3B (green) and a
decrease in p-S6 (red) and p-AKT (red). (H) ATG5+/+ and ATG5−/− MEFs were treated with 2 µM CYT387, 10 µM MK2206, and the com-
bination for 24 h, and LC3, cleaved caspase 3, p-AKT, p-S6, p-STAT3, and β-actinwere evaluated by immunoblotting. (I ) ACHNxenografts
treated with vehicle, 50mg/kg CYT387, 60mg/kgMK2206, and a 50mg/kg CYT387 + 60mg/kgMK2206 combination. Tumor volume is
shown. Error bars represent mean ± SEM. Control versus CYT387+MK2206, (∗∗∗∗) P < 0.01. (J,K ) The effect on apoptosis (CC3) (J) and pro-
liferation (KI67) (K ) in ACHN xenograft tumors. Error bars represent mean ± SEM. (J) Control versus CYT387+MK2206, P < 0.0001. (K )
Control versus CYT387+MK2206, P = 0.0018. (L) SN12C xenografts treated with vehicle, 50 mg/kg CYT387, 50 mg/kg MK2206, and a
50 mg/kg CYT387 + 60 mg/kg MK2206 combination. Tumor volume is shown. Error bars represent mean ± SEM. Control versus
CYT387+MK2206, (∗∗∗∗) P < 0.0001. (M,N) The effect on apoptosis (CC3) (M ) and proliferation (KI67) (N) in SN12C xenograft tumors. Error
bars represent mean ± SEM. (M ) Control versus CYT387+MK2206, P < 0.0001. (N) Control versus CYT387+MK2206 P < 0.0001.
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mTOR pathway at proximal and distal nodes, CYT387
and MK2206 combine to shut down PI3K oncogenic
signaling. However, autophagy still persisted in the com-
bination treatment, pointing to a survival signal that
sustains subpopulations of drug-tolerant cancer cells.
Notably, the CYT387–MK2206 combination induced
autophagy in patient-derived organotypic RCC cultures
(Fig. 2G).

To further define the role of treatment-induced
autophagy in mediating survival, we assessed the effects
of CYT387 and MK2206 combination treatment on
ATG5−/− and ATG5+/+ MEFs. The CYT387–MK2206
cotreatment induced more apoptosis in ATG5−/− MEFS
than it did in wild-type controls (demonstrated by an in-
crease in cleaved caspase 3), indicating that autophagy
protects cells from apoptosis (Fig. 2H). Collectively, these
results suggest that despite effective inhibition of PI3K–
AKT–mTOR signaling with the resultant induction of ap-
optosis, cancer cells are able to simultaneously induce an
autophagic-fueled survival pathway.

We next examined the safety and efficacy of CYT387
and MK2206 cotreatment in vivo in two xenograft tumor
models. While CYT387 or MK2206 alone exhibited an
anti-tumor effect on ACHN and SN12C xenografts, the
combination of CYT387 with MK2206 resulted in signifi-
cantly greater tumor growth inhibition in ACHN and
SN12C tumor xenografts (P < 0.001) (Fig. 2I,L). Important-
ly, combination treatment was well tolerated, with no
weight loss recorded (Supplemental Fig. S3G,H). Pharma-
codynamic studies demonstrated that combination
therapy led to the suppression of S6 and AKTS473 phos-
phorylation (Supplemental Fig. S3I). Consistent with our
in vitro finding, CYT387 alone had a minimal impact on
apoptosis. In marked contrast, combination treatment
with CYT387 and MK2206 resulted in a significant in-
crease in apoptosis (established by an increase in cleaved
caspase 3; P < 0.001) (Fig. 2J [ACHN xenograft tumors],
M [SN12C xenograft tumors]) and a reduction in prolifer-
ation (demonstrated by a decrease in Ki-67; P < 0.001) (Fig.
2K [ACHN xenograft tumors], N [SN12C xenograft tu-
mors]). However, despite effective inhibition of PI3K–
AKT–mTOR signaling, the combination treatment did
not induce tumor regression.

Metabolic reprogramming is supported by redox
homeostasis

The lack of tumor regression despite effective inhibition
of PI3K–AKT–mTOR signaling led us to questionwhether
metabolic reprogramming may sustain the survival of the
treated cancer cells. The PI3K–AKT–mTOR pathway reg-
ulates multiple steps in glucose uptake and metabolism
(Duvel et al. 2010). Therefore, we hypothesized that
CYT387 and MK2206 treatment singly and in combina-
tion would negatively impact glucose uptake, aerobic
glycolysis, and, subsequently, biosynthetic pathways, re-
sulting in a drug-enforced reduction in glucose availability
in the microenvironment. To determine the contribution
of CYT387 and MK2206 treatment on the regulation of
glycolysis, we measured glucose uptake by 18F-fluoro-

deoxyglucose (18FDG), lactate excretion, and the extracel-
lular acidification rate (ECAR) as readouts for glycolysis.
CYT387, MK2206, and the combination significantly de-
creased glucose uptake and reduced lactate production in
vitro (Fig. 3A,B). The dramatic difference between lactate/
glucose ratio in extracellularmedium further supports the
finding that CYT387 and MK2206 cotreatment inhibits
glycolysis (control: 1.51; CYT387: 0.65; MK2206: 0.81;
CYT387+MK2206: 0.37). This impaired carbon metabo-
lism with treatment also resulted in a reduction of cell
size (Fig. 3C). Consistent with the above finding,
CYT387, MK2206, and the CYT387–MK2206 combina-
tion significantly reduced the ECAR (Fig. 3D,E).

Decreased glucose availability with cotreatment might
also be reflected in changes with OXPHOS activity, as
measured by oxygen consumption rate (OCR; an indicator
of OXPHOS). However, we found that the OCR/ECAR ra-
tio increased after cotreatment, suggesting a predominant
decrease in glycolysis with themaintenance of mitochon-
dria-driven OXPHOS (Fig. 3F). Consistent with glucose
limitation and decreased glycolysis, we observed in-
creased AMPK phosphorylation at Thr172, an established
indicator of metabolic stress (Fig. 3G). Importantly, in the
setting of glucose deprivation and impairment of the pen-
tose phosphate pathway (PPP), AMPK has been shown to
increase NADPH levels from increased fatty acid oxida-
tion. Specifically, we noted increased levels of NADPH,
maintenance of GSSG/GSH ratios, and a resultantmitiga-
tion of reactive oxygen species (ROS) (Fig. 3H–J). These
findings are consistent with the role of AMPK in mitigat-
ing metabolic stress and promoting cancer cell survival
(Jeon et al. 2012). Additionally, AMPKwould be predicted
to further inhibit mTOR (Inoki et al. 2003; Gwinn et al.
2008). By comparison, we did not see any reduction in
PKM2 levels, suggesting that the metabolic switch from
aerobic glycolysis to OXPHOS is not dependent on pyru-
vate kinase activity (Christofk et al. 2008).

Overall, these findings suggest that by decreasing glu-
cose levels, CYT387–MK2206 cotreatment severely re-
duces the glycolytic capacity needed to supply the
bioenergetics needs of the RCC cells. Importantly, this
treatment-induced nutrient-depleted condition, while
suppressing proliferation, simultaneously promotes sur-
vival by regulating NADPH homeostasis andmaintaining
mitochondrial-driven oxidation.

PI3K–AKT–mTOR treatment-induced autophagy
promotes phospholipid metabolism

Therefore, to comprehensively determine how autophagy
contributes to the metabolic needs, we performed global
metabolic analysis using a liquid chromatography-tan-
dem mass spectrometry (LC-MS/MS)-based platform
(Louie et al. 2016). These studies revealed that CYT387
andMK2206, singly and in combination, effected changes
across multiple pathways (Fig. 4A; Supplemental Table
14). Consistent with the role of the PI3K–AKT–mTOR
pathway in the regulation of glycolysis, treatment with
these agents was accompanied by reductions in glucose,
glucose-6-phosphate, DG3P, PEP, pyruvate, and lactate,
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consistentwith the inhibition of glycolysis (Supplemental
Fig. S4A), as described above and also concordant with the
gene expression data. Similarly, we also observed reduc-
tions in PPP intermediates, amino acids, tricarboxylic
acid (TCA) cycle intermediates, and ribose biosynthesis
and corresponding increases in purine breakdown prod-
ucts guanine and hypoxanthine (Supplemental Fig. S4B–
E). These findings are in keeping with a nutrient-deprived
state (i.e., decreased anabolism) with subsequent in-
creased autophagic catabolism to maintain survival (Miz-
ushima et al. 2001). Cells adapt to glucose deprivation by
subsisting on fatty acids—mobilized through glycerolipid
remodeling—for oxidation, and this is consistent with our

observation that the most significant metabolite changes
were in lipid intermediates, including phospholipids, tria-
cylglycerol (TAG), cholesterol esters, diacylglycerol
(DAG), and fatty acids (C16:0, C18:0, and C18:1) (Fig.
4A; Supplemental Fig. S4F; Kerner and Hoppel 2000; Ea-
ton 2002; Finn and Dice 2006).
We further investigated the lipid substrates thatwere ca-

tabolized by autophagy to produce fatty acids for fatty acid
oxidation. Steady-statemetaboliteprofiling showed signif-
icant increases in lysophospholipids and arachidonic acid
(C20:4), with corresponding decreases in their phospholip-
id precursors (Fig. 4B). Phospholipids, which include phos-
phatidylcholine (PC), phosphatidylethanolamine (PE),

Figure 3. The effects of treatment on metabolism. (A) The treatment effects of control, CYT387, MK2206, and CYT387+MK2206 on
glucose uptake over time, measured by 18FDG. (B) Glucose and lactate levels in culture medium were measured in control and treated
cells and normalized to cell number. (C ) Qualitative analysis of cell diameter changes of ACHN cells treated with CYT387, MK2206,
CYT387 +MK2206, or vehicle (DMSO). (∗) P < 0.02. (D) Glycolysis in ACHN cells wasmeasured using a XF-96 extracellular flux analyzer
after preincubation with drugs or DMSO. Shown are ECAR means ± SD of experimental triplicates. (E) The effects of treatment on basal
ECAR, measured in real time and presented as change in milli-pH per unit time. Representative results are shown. n = 2. (F ) Ratios of ox-
ygen consumption rate (OCR; an indicator of OXPHSO) to ECAR (an indicator of aerobic glycolysis at baseline) of treated ACHN cells.
Representative results are shown. n = 2. (G–J) Treatment activates p-AMPK and increases NADPH levels, maintains GSSG/GSH ratios,
and mitigates reactive oxygen species (ROS). (G) ACHN cells were treated with control, 2 µM CYT387, 10 µM MK2206, and CYT387
+MK2206 for 24 h and probed with the indicated antibodies. (H) NADP+/NADPH levels were measured. (I ) GSSG and GSH levels
were measured in lysates (n = 4) using liquid chromatography-tandem mass spectrometry (LC-MS/MS). (J) The normalized abundance
of these metabolites is shown. Cells were stained with the ROS sensor CellRox. n = 3; three independent experiments. P = ns.
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phosphatidylserine (PS), phosphatidylglycerol (PG), and
phosphatidylinositol (PI), are major structural compo-
nents of cellularmembranes. PLA2 is the enzyme that cat-
alyzes the hydrolysis of the phospholipid sn-2 ester bond
with subsequent release of lysophospholipids; e.g., lyso-
phosphatidylcholine (LPC), alkly-lysophosphatidylcho-

line (alkyl-LPC), and free fatty acids (Murakami et al.
2011). Accordingly, we found elevated levels of C16:0
LPC,C18:0 LPC,C18:1 LPC, andC18-0 alkyl-LPCandcor-
respondingdecreases in their phospholipidprecursors.No-
tably, we observed significant decreases in free fatty acids
(C16:0, C18:0, and C18:1), supporting the idea that

Figure 4. PI3K–AKT–mTOR signaling inhibition induces metabolic reprogramming. (A) Heat map of metabolomic profiling of treated
cells (CYT387, MKK2206, and CYT387+MMK2206) compared with ACHN cells treated with vehicle (DMSO) using LC-MS/MS (see
theMaterials andMethods for details). Log fold changes of profiled metabolites are shown. Metabolites are ordered within each category:
glycolysis, TCA cycle, PPP, nucleotidemetabolism, amino acidmetabolism, phospholipids, ether phospholipids, lysophospholipids, fatty
acids, neutral lipids, acyl carnithines (AC), sphingolipids (SL), and n-acyl ethanolamines (NAE). (B) PLA2 catalyzes the hydrolysis of phos-
pholipids to lysophospholipids and arachidonic acid.Waterfall plot demonstrating relative levels of phospholipids, lysophospholipids, and
fatty acids in treated cells (CYT387,MK2206, andCYT387+MK2206) comparedwithACHNcells treatedwith vehicle (DMSO). Asterisks
denote a significant difference of treated cells compared with vehicle (t-test, P-value≤ 0.05).
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phospholipids are hydrolyzed to supply fatty acids for fatty
acid oxidation.Consistentwith increased arachidonic acid
levels in CYT387–MK2206-cotreated cells, we observed
increased levels of 14,15-EET, 11,12-EET, 8,9-EET, and 5-
HETE, pointing to arachidonic acid P450-mediated gener-
ation of eicosanoids (Supplemental Fig. S5).

PI3K–AKT–mTOR treatment-induced autophagy
facilitates lipid droplet (LD) formation and
mitochondrial respiration

To protect cells from the destabilizing effects of excess
lipids, free fatty acids mobilized by autophagy and des-
tined for oxidation are stored in an intermediate intracel-
lular pool: LDs (Thiam et al. 2013). We reasoned that
the large changes in glycerolipid redistribution identified
by our metabolomics profiling of treated cells would re-
sult in an increased number of LDs to support fatty acid
oxidation, with subsequent mobilization of fatty acids to
mitochondria under these nutrient-depleted conditions
(Rambold et al. 2015). Consistent with this, we observed
that CYT387 and MK2206 singly and in combination in-
crementally and significantly increased the number and
size of Bodipy 493/503-labeled (Fig. 5A–C, green) LDs. Ad-
ditionally, we incubated ACHN human RCC cells
with Bodipy-C12-HPC (a phospholipid containing green
fluorescent long chain fatty acid) followed by treat-
ment with vehicle or the CYT387–MK2206 combination.
CYT387–MK2206 cotreatment led to a greater degree of
incorporation of Bodipy-C12-labeled fatty acids into LDs
relative to vehicle-treated cells. This suggests that
CYT387–MK2206 treatment-induced autophagy results
in phospholipid hydrolysis that releases fatty acids, which
are subsequently incorporated into new LDs (Supplemen-
tal Fig. S6).
To determine whether the increase in LDs occurred in

vivo, we stained the vehicle, CYT387, MK2206, and
CYT387–MK2206-cotreated xenograft tumors for adipo-
philin, which belongs to the perilipin family, members
of which coat intracellular lipid storage droplets and facil-
itate metabolic interactions with mitochondria (Sztalryd
and Kimmel 2014). Consistent with the in vitro data,
the number of adipophilin-positive LDs significantly and
incrementally increased with treatment (as measured on
treatment day 40 in ACHN xenograft tumors;
CYT387<MK2206<CYT387+MK2206; P = 0.0046) (Fig.
5D), indicating that these drug treatments stimulate the
formation of LDs in vivo. Collectively, these data suggest
that the early adaptive and survival changes effected by
the initial drug treatment continues to support the main-
tenance of long-term in vivo tumor growth.
Next, to further determine whether autophagy contrib-

uted to LD numbers, we treated ATG5+/+ and ATG5−/−

MEFs with CYT387, MK2206, and the combination.
Autophagy-competentATG5+/+ MEFs were able to signif-
icantly increase LD numbers (Fig. 5E). Inmarked contrast,
none of the treatments was able to increase LDs in
ATG5−/− MEFs, confirming that autophagy is required
to sustain LD levels (Fig. 5F). To investigate themetabolic
ramifications of this, we compared oxygen consumption

by ATG5−/− and ATG5+/+ MEFs when treated with
CYT387, MK2206, and the combination. We found that
CYT387–MK2206 cotreatment profoundly decreased the
ATG5−/− MEFs mitochondrial OCR and spare respiratory
capacity (SRC; the quantitative difference between the
maximal OCR and the initial basal OCR), indicating
that ATG5−/− MEFs function near their maximal rate
and are unable tomaintain an adequate level ofmitochon-
drial respiration with CYT387+MK2206 cotreatment due
to a deficit in their metabolic compensatory mechanisms
(Fig. 5G,H). In contrast, we observed no decrease in mito-
chondrial OCR and SRC in CYT387–MK2206-cotreated
ATG5+/+ MEFs.
The extent of themetabolic difference between vehicle-

treated ATG5−/− and CYT387+MK2206-cotreated MEFs
was apparent in the overall ratio of OXPHOS to aerobic
glycolysis (OCR/ECAR), which was twofold higher in
vehicle-treated than in CYT387–MK2206-cotreated
ATG5−/− MEFs, reflective of the need for autophagy to
supply the nutrients to maintain mitochondrial OCR un-
der treatment-enforced metabolic restrictions (Fig. 5I).
This is in line with a model in which autophagy of cel-

lular organelles and membranes during nutrient depriva-
tion produces fatty acids that supply the LD pool, where
they are then transferred into mitochondria for β-oxida-
tion. In support of this, we observed that treatedRCC cells
had significantly increased numbers of mitochondria (Fig.
5J). Accordingly, dual staining of treated ACHN cells with
a mitochondrial marker (Mitotracker orange) and LDs
with Bodipy (Fig. 5K, green) revealed that the LDs were
closely associated with the mitochondria, potentially en-
abling the fatty acids released from LDs to traffic directly
from LDs to mitochondria and maximizing the fatty acid
oxidation (Fig. 5K; Rambold et al. 2015).
Importantly, cancer cells become increasingly depen-

dent onmitochondrial fatty acid oxidation in nutrient-de-
pleted conditions (Fig. 5L; Cabodevilla et al. 2013).
Consistent with this, using the Mito Fuel Flex test, we
found that human ACHNRCC cells’ dependence on fatty
acid doubled with CYT387–MK2206 cotreatment (Fig.
5M). Consequently, oxidation of endogenous fatty acids
significantly contributed to the OXPHOS rate in
MK2206+CYT387-cotreated cells compared with control
(>2.5-fold increase; P < 0.0001) (Fig. 5N). Consistent with
this, induction of fatty acid oxidation by CYT387–
MK2206 cotreatment was attenuated in ATG−/− MEFs
(Supplemental Fig. S7). In contrast, glutamine-supported
OCR represented a minority of total OCR in CYT387–
MK2206-cotreated ACHN cells (Supplemental Fig. S8).
Taken together, this suggested that cellular lipid remodel-
ing by the autophagy–lysosome systemmay supply a con-
siderable fraction of the intracellular lipids–fatty acids
irrespective of their external availability.

Inhibiting PLA2 activity decreases autophagy-induced
LDs, limits OXPHOS, and increases apoptosis

Our data implicated hydrolysis of phospholipids as a
criticalmechanism for the generation of lysophospholipids
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and fatty acids for fatty acid oxidation in treated RCC
cells, and, therefore, inhibition of this enzymatic activity
would negatively impact OXPHOS and subsequently lim-
it the survival of these cells. To test this directly, we add-
ed the PLA2 inhibitor oleyloxyethylphosphocholine

(OOEPC; which inhibits secretory PLA) (Slatter et al.
2016) to CYT387, MK2206, and CYT387–MK2206-
cotreated cells and measured LD numbers. Addition of
OOEPC significantly reduced the LD abundance in
CYT387, MK2206, and CYT387–MK2206-cotreated cells

Figure 5. Autophagy is required for LD growth
and fatty acid oxidation. (A) ACHN cells were
treated with control, CYT387, MK2206, and
CYT387+MK2206 for 24 h, and Bodipy 493/503
(green) was added to visualize LDs. Representative
images are shown. n = 5 experiments. (B,C ) Bar
graphs quantify the increase in number (B) and
size (C ) of LDs, respectively. Data are expressed
as means ± SEM. (∗) P < 0.001 for control versus
CYT387, control versus MK2206, and control ver-
sus CYT387+MK2206. (D) Adipophilin staining in
xenograft tumors quantifies the increase in LDs in
vivo. n = 9. Data are expressed as means ± SEM. (∗)
P < 0.01 for control versus CYT387 and control
versus MK2206, measured in tumors resected af-
ter 40 d of treatment. (E) ATG5+/+ MEFs were
treated with 2 µM CYT387, 10 µM MK2206, and
the combination for 24 h. Bodipy was added, and
the LD number was measured. n = 500 cells. (∗) P
< 0.001 for control versusCYT387 and control ver-
sus CYT387+MK2206; P < 0.005 for control versus
MK2206. (F ) ATG5−/− MEFs treated as in E. Bod-
ipy was added, and the LD number was measured.
n = 500 cells. P =NS (no significance between
treatment groups). (G) ATG5+/+ and ATG5−/−

MEFs were treated with DMSO (control),
CYT387, MK2206, and CYT387+MK2206 for 24
h, and then OCRs (indicator of OXPHOS) were de-
termined using a XF-96 extracellular flux analyzer
during sequential treatments (dotted vertical
lines) with oligomycin, FCCP, and rotenone/
anti-mycin (A+R). Spare respiratory capacity
(SCR) is the quantitative difference between max-
imal uncontrolled OCR (top horizontal dashed
line) and the initial basal OCR (bottom horizontal
dashed line). Shown areOCRmeans ± SD of exper-
imental triplicates. For ease of viewing, only con-
trol and CYT387 +MK2206 data are graphed. (H)
SRC (the percentage maximum OCR after FCCP
injection of baseline OCR) of ATG5+/+ and
ATG5−/− MEFs after the indicated treatments.

Shown are means ± SD of experimental triplicates. (I ) Ratios of OCR to ECAR (indicator of aerobic glycolysis) at baseline of ATG5+/+

and ATG5−/− MEFs after the indicated treatments. (J) ACHN cells were treated with control, CYT387, MK2206, and YT387+MK2206
for 24 h, andMitotracker orangewas added to visualizemitochondria. Representative images are shown. n = 5 experiments.Mitochondria
number was measured, and data are expressed as means ± SEM. (∗) P < 0.001 for control versus CYT387, control versusMK2206, and con-
trol versusMK2206+CYT387. (K ) Dual staining of Bodipy andMitotracker orange demonstrate close proximity of LDswithmitochondria
in CYT387+MK2206-cotreated ACHN cells (a representative image is shown). (L) Global metabolite profiling reveals a preferential
decrease in lipids. (Decrease) Abundance <0.5-fold in treated cells compared with the vehicle; (increase) abundance greater than twofold
in treated cells compared with the vehicle. (M ) Fatty acid fuel dependencymeasures the reliance of ACHN cells on fatty acids tomaintain
baseline respiration. ACHN cells were treated with DMSO (control) or CYT387+MK2206 for 24 h, and OCR was measured during the
Seahorse XF Mito Fuel Flex assay. The percentage of dependence on fatty acids was calculated by quantifying the change in basal OCR
after fatty acid oxidation was blocked using 4 µMCPT-1a inhibitor etomoxir divided by the total change in OCR from baseline after com-
bined inhibition of fatty acid, glutamine, and pyruvate oxidation using 4 µM eomoxir, 3 µM BPTES, and 2 µMUK5099, respectively (rep-
resentative graph). n = 2. Fatty acid fuel flexibility was calculated by measuring the change in sensitivity to etomoxir’s inhibition of OCR
after blockade of glutamine and glucose oxidation and represents the ability of ACHN cells to increase oxidation of fatty acid when glu-
tamine and pyruvate utilization is precluded. (N) Measurement of fatty acid-driven OCR,measured by acute inhibition of CPT-1a using 4
µM etomoxir ([∗] P < 0.01) and represented as a percentage of total mitochondria OCR calculated using mitochondrial complex I and III
inhibitors 1 µM rotenone and 1 µM anti-mycin, respectively.
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(Fig. 6A,B). Since several isoforms of PLA2 exist, we deter-
mined their role in reducing LDs. We found that
inhibition of calcium-sensitive PLA2 (with cPLA2i)
and calcium-insensitive PLA2 (with bromoenol lactone
[BEL]) was also able to reduce LD number, consistent
with the rate-limiting role of PLA2 inmediating phospho-
lipid hydrolysis (Supplemental Fig. S9). To document the
kinetics of the new pool of CYT387–MK2206-induced
LDs, we performed a time-course experiment to monitor
the appearance of LDs following CYT387–MK2206
cotreatment and ascertained that LDs appeared 2 h after
treatment and then continuously increased in number
during the next 24 h of monitoring. In contrast, simul-
taneous addition of OOPEC to the CYT387–MK2206
combination at the start of treatment completely blocked
the appearance of LDs. Similarly, addition of OOPEC
at 2 h after cotreatment with CYT387+MK2206
completely inhibited any further increase in LDs. Sub-
sequently, the addition of etomoxir at 8 h (which blocks
the utilization of fatty acids) resulted in LD accumulation
in OOPEC+CYT387+MK2206-treated cells. These results
demonstrate that PLA2 activity is required for LD gener-
ation after CYT387–MK2206 cotreatment and that
OOPEC is able to inhibit PLA2 activity (Supplemental
Fig. S10).
To directly test the metabolic impact of OOEPC treat-

ment, we first assessed changes in the OCR. We observed
a marked decrease in the basal OCR when OOEPC was
added to the CYT387–MK2206 combination. Important-
ly, the addition of OOPEC profoundly reduced the SRC,
indicating that the inhibition of PLA2 decreases mito-
chondrial oxidation by reducing fatty acid supply and im-
pedes the cells’ capacity to respond to increased energetic
demands (Fig. 6C,D). The marked reduction in SRC was
similar to our earlier observations in CYT387–MK2206-
treated ATG5−/− MEFs and is consistent with the model
in which autophagy-supplied LDs are required to support
mitochondrial OCR in metabolically restricted environ-
ments (Fig. 5G–I). Next, by plotting OCR versus ECAR,
we determined the effect of PLA2 inhibition by OOEPC
on CYT387–MK2206-treated tumors; this measurement
highlighted that untreated ACHN human RCC cells
have higher OXPHOS and glycolysis compared with
CYT387–MK2206-cotreated cells (Fig. 6E). The addition
of OOEPCmarkedly decreased OCR in ACHN cells, indi-
cating that these treatments diminished the overall meta-
bolic activity of the cancer cells.
This observed reduction in bioenergeticmetabolism led

us to determine whether PLA2 inhibition would have an
impact on proliferation and apoptosis. Cotreatment with
OOEPC had a minimal additional effect on proliferation
(Fig. 6F). In contrast, the addition of OOEPC significantly
increased apoptosis, consistent with its ability to reverse
autophagy-supplied fatty acids that enable survival
(Fig. 6G). To further verify that PLA2 inhibition impacted
cancer cell survival, we tested a distinct PLA2 inhibitor,
varespladib, which has been clinically developed for
cardiovascular diseases (Rosenson et al. 2010). Similar
to OOEPC, the addition of varespladib to CYT387–
MK2206-treated cells decreased LDs and increased apo-

ptosis (Fig. 6H–J). Collectively, these data indicate that
treatment-induced autophagy provides lysophospholipids
and free fatty acids to maintain cancer cell survival de-
spite nutrient depletion.

Discussion

It is now generally accepted that autophagy is cytoprotec-
tive in the setting of cancer therapies by enabling cancer
cells to mitigate metabolic and therapeutic stresses,
thereby ensuring survival (Amaravadi et al. 2011; Sehgal
et al. 2015; Rebecca and Amaravadi 2016). To date,
the therapeutic reflex to block autophagy is to add anti-
malarial lysosomotropic inhibitors such as chloroquine.
However, the clinical responses to these have been under-
whelming (Goldberg et al. 2012; Shanware et al. 2013;
Rosenfeld et al. 2014; Towers and Thorburn 2016). While
the role of autophagy in tumor initiation and progression
has been well-documented, little is known about how
treatment-induced autophagy mediates cytoprotection
and resistance.
Our results demonstrate that cancer cells, when acutely

exposed to small molecule inhibitors, activate the auto-
phagic process to ensure early and lasting metabolic adap-
tations designed to enhance survival in a nutrient-
depleted environment.We first observed themaintenance
of OXPHOS when glucose became limiting due to treat-
ment. Likewise, the coordinate activation of AMPK sig-
naling ensures protective redox homeostasis to mitigate
increased ROS produced by OXPHOS. Finally, we demon-
strated activation of autophagy-mediatedmembrane glyc-
erophospholipid metabolism with subsequent fatty acid
oxidation to generate energy. Accordingly, we found
that therapy-induced autophagy purposefully harnesses
core biological processes to secure tumor cell fitness and
survival. Our experiments involving autophagy-incompe-
tent ATG5−/− MEFs demonstrate that autophagy is re-
quired under conditions of nutrient depletion to
generate LDs and maintain mitochondrial OCR and
SRC. It is not coincidental that LD depletion by pharma-
cological PLA2 inhibition achieved similar results. This
is consistent with the model that autophagic digestion
of phospholipids, with subsequent hydrolysis within the
autolysosome, provides LDs with a constant supply of lip-
ids, which can then be trafficked to the mitochondria to
maintain mitochondrial respiration. The subsequent re-
lease of these fatty acids from LDs to fuel β-oxidation
may occur independently of lipophagy, as others have ob-
served (Rambold et al. 2015). Additionally, another possi-
ble source of fatty acids and amino acids may come from
extracellular lysophospholipids and proteins through
macropinocytosis.
This study further addresses the wider question of how

cancer cells survive despite the inhibition of mTOR (an
evolutionarily conserved master regulator of cell metabo-
lism, proliferation, growth, and survival) and AKT (a com-
mitted prosurvival kinase that positively regulates these
same processes in both normal and cancer cells) (Manning
and Cantley 2007; Laplante and Sabatini 2012).
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Figure 6. Hydrolysis of phospholipid supplies lysophospholipids and fatty acids for cancer cell survival. (A) ACHNcellswere treatedwith
control, OOEPC, CYT387, CYT387+OOEPC, MK2206, MK2206+OOEPC, CYT387+MK2206, and CYT387+MK2206+OOEPC for 24
h. Bodipy 493/503 (green) was added to visualize LDs. Representative images are shown. n = 3 experiments. (B) Bar graphs quantify the
number of LDs. Data are expressed as means ± SEM. (∗) P < 0.0001 for CYT387 versus CYT387+OOEPC, MK2206 versus MK2206
+OOEPC, and CYT387+MK2206 versus CYT387+MK2206+OOEPC. (C,D) ACHN cells were treated with DMSO (control), OOEPC,
CYT387, CYT387+OOEPC, MK2206, MK2206+OOEPC, CYT387+MK2206, and CYT387+MK2206+OOEPC for 24 h, and then OCR
was determined using a XF-96 extracellular fux analyzer during sequential treatments with oligomycin, FCCP, and rotenone/anti-mycin
(A+R). (D) Initial basal OCR, maximal OCR, SRC (the quantitative difference between maximal uncontrolled OCR and the initial basal
OCR), and ATP production are depicted in the plot. Shown areOCRmeans ± SD of experimental triplicates. For ease of viewing, only con-
trol, OOEPC, CYT387+MK2206, and CYT387+MK2206+OOEPC data are graphed. (E) OCR versus ECAR (means ± SEM, experimental
triplicates) after the addition of OOEPC to the CYT387–MK2206 combination. (Con) Control; (O) OOEPC; (C+M) CYT387+MK2206;
(C+M+O) CYT387+MK2206+OOEPC. (F,G) Cell viability (F ) and caspase 3/7 activity (G) with addition of OOEPC to CYT387,
MK2206, and CYT387+MK2206. n = 3. Data are expressed as means ± SD. (F) P = ns for CYT387+MK2206 versus CYT387+MK2206
+OOEPC. (G) (∗) P < 0.001 for CYT387+MK2206 versus CYT387+MK2206+OOEPC. (H) The effect of adding varespladib, a distinct
PLA2 inhibitor, to CYT387, MK2206, and CYT387+MK2206 on LD numbers was evaluated with Bodipy staining (I,J) Cell viability (I )
and caspase 3/7 activity (J) with the addition of varespladib, a distinct PLA2 inhibitor, to CYT387, MK2206, and CYT387+MK2206. n
= 3. Data are expressed as means ± SD. (I ) (∗) P < 0.01 for CYT387+MK2206 versus CYT387+MK2206+varespladib. (J) (∗) P < 0.1 for
CYT387+MK2206 versus CYT387+MK2206+varespladib.
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Undoubtedly, the combination of attenuated proliferation
signals, nutrient depletion, andmetabolic competition for
remaining nutrients kills many cells. Accordingly, our
data demonstrate that glucose, which is tightly regulated
by the PI3K–AKT–mTOR pathway at multiple steps,
became limitingwith treatment,with a resultant decrease
in glycolysis (Engelman et al. 2006; Yecies and Manning
2011; Hu et al. 2016). However, the very same conditions
that give rise to these nutrient-deprived microenviron-
ments also induced autophagy. Consequently, the auto-
phagic catabolism of membrane phospholipids provides a
ready source of free fatty acids that maintains respiration
in subpopulations of cancer cells, therefore enabling their
survival in a low-glucose environment.The increase in fat-
ty acid oxidation and OXPHOS requires redox homeosta-
sis, and this is provided by the concomitant activation of
AMPK, which increases NADPH, with a subsequent mit-
igation of ROS. Collectively, treatment-enforcedmetabol-
ic reprogramming supports cancer cell fitness by providing
fatty acids and NADPH to maximize survival.
Since the rate of autophagic release of fatty acids does

not match the rate of mitochondrial consumption, these
LDs serve a dual purpose: first, as a buffer to reduce lipo-
toxicity by storing lipid intermediates and, second, to
transport these lipids to the mitochondria (Singh et al.
2009; Unger et al. 2010; Rambold et al. 2015). Conse-
quently, these energy-strapped residual cancer cells in-
crease fatty acid oxidation, as it is the most energetically
efficient way to generate ATP. Long-lived cell types
such as cardiac myocytes and memory T cells (Pearce
et al. 2009; Chung et al. 2010) depend on fatty acidmetab-
olism for survival, and we see this as yet another example
of cancer cells hijacking normal physiological processes to
their benefit.
Our screen identified several structurally different Ja-

nus family kinase inhibitors that inhibited mTORC1
and induced autophagic flux. While serendipitous, these
findings are not unexpected, as small molecules inhibit
several kinases and would directly and/or indirectly inter-
dict the PI3K–AKT–mTOR pathway. To date, JAK inhibi-
tors have been approved for and/or are undergoing late
stage clinical trials in MPN, including the focus of this
study, CYT387 (momelutinib) (Patel et al. 2016; Winton
and Kota 2017). However, complete cytogenetic or molec-
ular responses with JAK inhibitors have not been ob-
served, with clinical benefit mainly resulting from
improved performance status due to reduced cytokine lev-
els rather than the elimination of cancer cells (Verstovsek
et al. 2012; Vannucchi et al. 2015). Therefore, our finding
that JAK inhibitors induce autophagy in both solid tumors
and MPN cells, which then maintain residual disease po-
tentially through the hydrolysis of phospholipids, may of-
fer an explanation of why this class of inhibitors has not
been able to eliminate drug-tolerant cancer cells and ef-
fect durable responses.
Combination therapies come with the increased risk of

side effects. Notably, CYT387, MK2206, and varespladib
have all been tested in human clinical trials, and their
maximum tolerated doses have been established; the chal-
lenge ahead will be to develop optimal dosing schedules

that balance target engagement with side effects. Howev-
er, most small molecule inhibitors have favorable toxicity
profiles, and metabolic targets would be non-cross-resis-
tant and predicted to have different side effects that are
not overlapping. The experience with infectious diseases
highlights the importance of combinations to achieve rap-
id efficient cancer suppression; i.e., HAART (highly active
anti-retroviral therapy) in HIV, which is routinely used to
produce durable clinical responses and prevent the emer-
gence of resistance. Polytherapy in cancer is similarly jus-
tified and achievable, and here we outline the molecular
roadmap for interdicting signaling and metabolism to
override treatment-induced autophagy.

Materials and methods

Cell lines

ACHN, Caki-1, RCC10, SN12C, TK-10, U031, 786-0, UKE-1,
SET-2, and HEL were used in this study and were obtained from
American Type Culture Collection. ATG5+/+ and ATG5−/−

MEFs were a kind gift from Jay Debnath (University of California
at San Francisco). Cell lines were maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS) at 37°C in a 5% CO2 incubator.

Patient tumor ex vivo organotypic culture

Tumor tissue samples were collected at the time of surgical re-
moval from consented patients and transported in IMEM+ FBS
+ PS. The tissue was sliced into thin sections using a surgical
knife. Sections were cultured on an organotypic insert (EMD,
PICMORG50) for 24 h in IMEM, 10% FBS, 1% PS, and 50 µg/
mL holo-transferrin with drug. A section of each tumor was im-
mediately fixed in 10%buffered formalin to confirm tissue viabil-
ity. After culture, treated tissue sections were fixed in 10%
buffered formalin and embedded in paraffin. Paraffin-embedded
tumors were evaluated for morphology (H&E) and immunofluo-
rescent signaling.

Cell viability and apoptosis analysis

Cell viability assays were performed by plating 3 × 103 cells per
well in 24-well plates in triplicate and treating them the following
day with the indicated agents. The experiment was continued for
5 d, and then the cells were fixed using 4% formaldehyde and
stained for 1 h with Syto60. Fluorescence was measured and
quantified, and photographswere obtained using a LiCor Odyssey
infrared imager. The effect of CYT387,MK2206, and theCYT387
+MK2206 combination on cell number was assessed as fold of
DMSO-treated control cells. Experimental results are the average
of at least three independent experiments. Apoptosis was deter-
mined using caspase 3/7 Glo assay kit (Promega) following the
manufacturer’s instructions. Briefly, 2000 cells per well were
plated in 96-well plates and cultured for 72 h. Cells were treated
with CYT387, MK2206, and the combination of CYT387 and
MK2206 for 72 h, and then 100 µL of reagent was added to each
well and incubated for 30 min at room temperature. Caspase 3/
7 activitywasmeasured using a luminometer. Luminescence val-
ues were normalized by cell numbers. The effect of CYT387,
MK2206, and the CYT387+MK2206 combination on caspase 3/
7 activation was assessed as fold of DMSO-treated control cells.
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High-content imaging

A seven-point dilution series of 116 small molecule inhibitors
covering a 1000× concentration range was plated into three 384-
well plates using the EP Motion automated dispensing system.
Control wells with equal volumes of DMSO were included as
negative controls. ACHN cells were grown, trypsinized, counted,
and plated directly into warm drug plates using a Multidrop
Combi dispenser. Plates were incubated for 72 h and subse-
quently imaged on anOlympus ScanR Platform at 10×magnifica-
tion, performing four images per well in 384-well plates. Single-
cell nuclear and cytoplasmic fluorescent intensities were calcu-
lated using the Olympus ScanR analysis software: The DAPI-pos-
itive region of each cell was used as a boundary to quantitate
nucleus counts for analysis of cell growth, and integrated nuclear
DNA staining intensity was used for cell cycle analysis. A 10-pix-
el extension of the nuclear region (and not including the nuclear
region) was used to quantitate cytoplasmic signal of immunoflu-
orescent staining of p62 protein and phosphorylation of S6. The
mean signal intensity of each marker in all cells per well was
used as themetric for cytoplasmic marker expression (average in-
tensity of pS6 and p62). Unsupervised hierarchical clustering was
used to identify compounds that produced similar pS6 and p62
dose response phenotypes after treatment.

Western blotting

Cells were plated in six-well dishes and treated the following day
with the indicated agents. Treatments were for 24 h, after which
cells were washed with ice-cold PBS and lysed with RIPA buffer
(Sigma). Phosphatase inhibitor cocktail set II and protease inhib-
itor cocktail set III (EMDMillipore) were added at the time of ly-
sis. Lysates were centrifuged at 15,000g for 10min at 4°C. Protein
concentrations were calculated based on a BCA assay-generated
(Thermo Scientific) standard curve. Proteins were resolved using
the NuPAGE Novex minigel system on 4%–12% Bis-Tris gels
(Invitrogen). For Western blotting, equal amounts of cell lysates
(15–20 µg of protein) were resolved with SDS-PAGE and trans-
ferred to membranes. The membrane was probed with primary
antibodies, washed, and then incubated with corresponding fluo-
rescent secondary antibodies and washed. The fluorescent signal
was captured using a LI-COR Odyssey imaging system, and fluo-
rescent intensity was quantified using the Odyssey software
where indicated. The following antibodies were used for Western
blots: p-S6 (S240/244), S6, LC3B, p-Akt(S473), p-Akt(T308), Akt,
and cleaved caspase3 from Cell Signaling Technologies, and p-
Stat3 (Y705), Stat3, and β-actin (AC15) from Abcam. Ki67
(Dako) and cleaved caspase 3 (Cell Signaling Technologies) were
used for immunohistochemistry. MK2206 and CYT387 for in vi-
tro and in vivo usewere purchased fromLCLabs andChemieTek,
respectively. BX795 and GDC0941 were purchased from Sigma.

In vivo xenograft studies

Six-week-old mice were used for human RCC xenografts. For
both ACHN and SN12C cell lines, 2 × 106 cells were diluted in
50 µL of PBS and 50 µL of Matrigel (BD Biosciences) and injected
subcutaneously into the right and left flanks of each mouse.
Tumors were monitored until they reached an average size of

50–80 mm3 (∼2 wk), at which point treatments were begun.
CYT387 (50 mg/kg per day) was administered by oral gavage 5 d
per week. MK2206 (60 mg/kg per day) was administered by oral
gavage 2–3 d per week. CYT387 was dissolved in NMP/Captisol
(Cydex), and MK2206 was dissolved in Captisol (Cydex). Tumors
and mouse weights were measured twice weekly. At least six to
eight mice per treatment group were included. All mice were eu-

thanized using CO2 inhalation followed by cervical dislocation
per institutional guidelines atOregonHealth and ScienceUniver-
sity (OHSU). Experiments were approved by the Institutional An-
imal Care and Use Committee at OHSU.

Phosphoproteomics screen and data analysis

Enriched phosphopeptides were digested with trypsin and ana-
lyzed by MS following the published Cell Signaling Technology
protocol (Rush et al. 2005;Moritz et al. 2010; Zhuang et al. 2013).

MS data analysis

MS raw files were analyzed via MaxQuant version 1.5.3.30 (Cox
and Mann 2008), and MS/MS fragmentation spectra were
searched using Andromeda (Cox et al. 2011) against human ca-
nonical and isoform sequences in Swiss-Prot (downloaded in Sep-
tember 2016 from http://uniprot.org; Apweiler et al. 2004).
Quantitative phosphopeptide data were log10 transformed, and
missing data were imputed before applying quantile normaliza-
tion as described previously (Drake et al. 2016). Quantitative
data are in Supplemental Tables 3–8. Hierarchical clustering
was performedwith theCluster 3.0 program (Eisen et al. 1998) us-
ing distance that was based on the Pearson correlation and apply-
ing pairwise average linkage analysis. Java Treeview was used to
visualize clustering results (Saldanha 2004).

KSEA

KSEA was performed as described previously (Drake et al. 2012).
Briefly, the phosphopeptides were rank-ordered by fold change,
on average, between CYT387 treatment and control, and the en-
richment score was calculated using the Kolmogorov-Smirnov
statistic. Permutation analysis was conducted to calculate statis-
tical significance. The normalized enrichment score was calcu-
lated by dividing the enrichment score by the average of the
absolute values of all enrichment scores from the permutation
analysis (Supplementary Tables 9, 10).

DAVID pathway analysis

To generate an appropriate list for use in DAVID (Huang da et al.
2009a, b), phosphopeptides were initially filtered with a false dis-
covery rate of <0.20 (Supplementary Tables 11, 12). Phosphopep-
tides that were 1.5-fold enriched, on average, in either CYT387
treatment or no treatment were selected. Enrichment for a phos-
phopeptide was reversed if a functional annotation (Hornbeck
et al. 2015) indicated protein activity inhibition. To reduce the
complexity of this list, if multiple phosphopeptides mapped to a
gene, then the most enriched phosphopeptide was selected. The
only exception made was if a functional annotation existed for
one or more of the phosphopeptides, in which case the most en-
riched annotated phosphopeptide would be selected. If multiple
phosphopeptides mapped to the same gene and had enrichment
values that fell into both CYT387 treatment and no treatment,
then those phosphopeptides and the corresponding gene were re-
moved from the list to be analyzed. We input into DAVID the
genes in the CYT387 treatment enriched group (Supplemental
Table 11) to examine KEGG pathways that were more active
with CYT387 treatment (Supplemental Table 12).

Phospho-receptor tyrosine kinase (phospho-RTK) array

The human phospho-RTK array kit was purchased from Cell Sig-
naling Technologies and screened according to the

Lue et al.
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manufacturer’s protocol, with 150 µg of protein being used for
each experiment. Signal intensity was calculated using a LI-
COR Odyssey imaging system, and fluorescent intensity was
quantified using the Odyssey software where indicated.

In vitro 18F-FDG uptake assays

18F-FDG was purchased from the radiopharmacy at University of
California at San Francisco. SN12C or ACHN cells (5 × 105 cells)
were plated and exposed to vehicle or drug for 24 and 48 h, where-
upon the cells were incubated with 0.5 μCi of 18F-FDG for 1 h at
37°C. The 18F-FDG in the medium and the intracellular 18F-FDG
were isolated and counted using a γ counter. The intracellular 18F-
FDG was expressed as a percentage of the total activity added to
cells normalized to the cell number.

Metabolomic profiling of cancer cells

Metabolomic data and single-reaction monitoring (SRM) transi-
tions were performed as described previously (Camarda et al.
2016) and are in Supplemental Table 13. Briefly, 2 million cells
were plated overnight and serum-starved for 2 h prior to harvest-
ing, after which cells were washed twice with PBS, harvested by
scraping, and flash-frozen. For nonpolar metabolomic analyses,
flash-frozen cell pellets were extracted in 4 mL of 2:1:1 chloro-
form/methanol/PBS with internal standards: 10 nmol of dodecyl-
glycerol and 10 nmol of pentadecanoic acid. Organic and aqueous
layerswere separated by centrifugation, and the organic layer was
extracted. The aqueous layer was acidified with 0.1% formic acid
followed by re-extractionwith 2mLof chloroform.The secondor-
ganic layerwas combinedwith the first extract and dried under ni-
trogen, after which lipids were resuspended in 120 µL of
chloroform. A 10-µL aliquot was then analyzed by both SRM-
based LC-MS/MS or untargeted LC-MS. For polar metabolomic
analyses, frozen cell pellets were extracted in 180 µL of 40:40:20
acetonitrile/methanol/water with internal standard: 1 nmol of
d3N15-serine. Following vortexing and bath sonication, the polar
metabolite fraction (supernatant) was isolated by centrifugation.
A 20-µL aliquot was then analyzed by both SRM-based LC-MS/
MSor untargetedLC-MS. For the SRMtransitionswherewemon-
itored the transition of parentmasses to the loss of the head group
(e.g., loss of phosphocholine from PC), we ascertained the acyl
chain specificities from previously described procedures (Long
et al. 2011). Forphospholipids suchasPCs andPEs,we ascertained
fatty acid acyl chain composition from phospholipids using amo-
bile phase containing both ammoniumhydroxide and formic acid
andmonitored the fatty acid fragmentations from [MH+HCO2H]
m/zat40Vcollisionenergy innegative ionizationmode.Forother
phospholipids, such as PAs and PIs, we monitored the fatty acid
fragmentations from[MH]m/z at 40Vcollisionenergy innegative
ionization mode in mobile phase containing just ammonium hy-
droxide.For the lipids thatwemeasured in this study, thedesignat-
ed acyl chains represent the primary fatty acids that were on the
lipid backbone. However, this method is less sensitive thanmon-
itoring the loss of head group fromthephospholipid, andwe there-
fore used SRM transitions for many phospholipids where we
monitored for loss of headgroups (e.g., PCs, PEs, PSs, PAs, andPIs).
Relative levels of metabolites were quantified by integrating

the area under the curve for each metabolite, normalizing to in-
ternal standard values, and then normalizing to the average val-
ues of the control groups (Louie et al. 2016).

ROS detection

ROS levels were measured with CellRox deep red (Molecular
Probes). Cells were plated in a 96-well clear-bottomed cell culture

plate with black sides. After adhering for 24 h, cells were treated
with 2µM CYT387, 10µM MK2206, and 2µM CYT387 + 10µM
MK2206. The complete medium+ drug was removed after 24 h
and replaced with 5 µM CellRox deep red in medium. Cells
were incubated for 30 min at 37°C and then washed with PBS.
Fluorescence signal was detected using a BioteckCytation 5 plate
reader. Data were analyzed using Prism software.

Cellular respiration

OCR and ECAR were carried out in a XF96 Seahorse analyzer
(Agilent/Seahorse Bioscience,). Cells were plated in the wells of
96-well plates (8 × 103 cells per well; XF96 plates; Seahorse Bio-
science) and incubated overnight at 37°C. The next day, cells
were treated with the indicated drugs for 24 h, and then the me-
dium was changed to XF assay medium and loaded with glucose,
oligomycin, and 2-DG, respectively, per the manufacturer’s rec-
ommendation. Similarly, Mito Fuel Flex tests were performed
on an XFe96 Bioanalyzer. At 24 h after treatment, all assays
were performed according to the manufacturer’s protocols.

Immunohistochemistry

Immunostaining was performed following deparaffinization and
rehydration of slides. Antigen retrieval was performed in a pres-
sure cooker using citrate buffer (pH 6.0) for 4 min. Nonspecific
binding was blocked using Vector mouse IgG blocking serum
for 30 min at room temperature. Samples were incubated at
room temperature with rabbit monoclonal antibodies pS6 (Cell
Signaling Technologies, 5364), cleaved caspase 3 (Cell Signaling
Technologies, 9661), and Ki67 (Dako, M7240). Slides were devel-
oped with Vector Immpress rabbit IgG (Vector Laboratories,
MP7401) and Vector Immpress mouse IgG (Vector Laboratories,
MP7400) for 30 min at room temperature. Chromogenic detec-
tionwas performed using Vector ImmpactDAB (Vector Laborato-
ries, SK4105) for 3 min. Slides were counterstained with
hematoxylin. A 3DHistech MIDI scanner (Perkin Elmer) was
used to capture whole-slide digital images with a 20× objective.
Imageswere converted toMRXS files, and computer graphic anal-
ysis was completed using inForm 1.4.0 advanced image analysis
software (Perkin Elmer).

Morphological and immunofluorescence evaluation

H&E slides of formalin-fixed paraffin-embedded tissue was used
to assess the morphological integrity of tumor samples. Once in-
tegrity was confirmed, immunofluorescent analysis was per-
formed for p-S6 (1:500; Cell Signaling Technologies), p-AKT
(1:200; Cell Signaling Technologies), and LC3B (1:250; Cell Sig-
naling Technologies). Four-micron sections were cut, deparaffi-
nized, and rehydrated. Antigen retrieval was performed using
citrate for 4 min in a pressure cooker. Slides were blocked using
2.5% normal goat serum for 30 min and then incubated in prima-
ry antibody for 1 h followed by secondary antibody mouse anti-
rabbit Alexa 488 (1:1000; Molecular Probes) for 30 min. Slides
were rinsed in PBS, air dried, and coverslipped usingDakomount-
ing medium with DAPI.

Lipid and mitochondrial staining

Cells were grown on coverslips and then treated with drug for 24
h. Cells were fixed in 4% paraformaldehyde for 15min and rinsed
with PBS. Cells were washed with a 1% saponin solution for 15
min at room temperature and then washed several times in PBS
to remove detergent. Cells were then incubated in Bodipy
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(ThermoFisher, D3922) at a final concentration of 1 µM for 10
min. Bodipy was removed, and slides were rinsed with PBS, air-
dried, and mounted on slides using Dako mounting medium
with DAPI.
To detect mitochondrial levels in treated cells, cells were

grown on coverslips for 24 h. Mitotracker orange (ThermoFisher,
M7511) was diluted inmediumwith drug at a final concentration
of 1 M and incubated overnight. The medium was removed, and
cells were fixedwith 4%paraformaldehyde for 15min. Cells were
rinsed twice for 5min in PBS and incubated in cold acetone for 10
min at −20°C. Acetone was removed, and cells were washed in
PBS, air-dried, andmounted on slides with Dakomountingmedi-
um with DAPI.
A 3DHistech MIDI scanner (Perkin Elmer) was used to capture

whole-slide digital images with a 20× objective. Images were con-
verted to MRXS files, and computer graphic analysis was com-
pleted using inForm 1.4.0 advanced image analysis software
(Perkin Elmer).

MDC staining

Slides were plated on coverslips and allowed to adhere for 24
h. After adherence, cells were treated with drug for 24 h. After
treatment, the drug was removed, and cells were washed once
in PBS. Cells were labeled with a 50 mM concentration of auto-
fluorescentmarkerMDC (Sigma) in PBS for 10min at 37°C. Cells
were fixed in 4% formaldehyde for 15 min at room temperature.
Cells were washed twice in PBS for 5 min and mounted on slides
using Dako mounting medium with DAPI. Coverslips were
sealed with clear nail polish and imaged with a 3DHistech
MIDI scanner as described above.

Statistical analysis

Mouse tumor size was analyzed by two-way ANOVA with time
and drug as factors using Graphpad Prism. Mouse weight during
treatment was analyzed by repeated measures of two-way
ANOVA with time and drug as factors. A P-value of <0.05 was
considered statistically significant. For immunohistochemistry,
P-values were calculated using one-way ANOVA with Bonferro-
ni’s multiple comparison test (P < 0.05 [∗], P < 0.01 [∗∗], and P <
0.001 [∗∗∗]). Metabolite fold changes were computed and visual-
ized in Python script using the Openpyxl package (for importing
Excel files) and the Matplotlib package (for visualizing fold
changes).
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Abstract

Phosphoproteomics involves the large-scale study of phosphorylated proteins. Protein phosphorylation is a critical step in many signal
transduction pathways and is tightly regulated by kinases and phosphatases. Therefore, characterizing the phosphoproteome may provide
insights into identifying novel targets and biomarkers for oncologic therapy. Mass spectrometry provides a way to globally detect and quantify
thousands of unique phosphorylation events. However, phosphopeptides are much less abundant than non-phosphopeptides, making
biochemical analysis more challenging. To overcome this limitation, methods to enrich phosphopeptides prior to the mass spectrometry analysis
are required. We describe a procedure to extract and digest proteins from tissue to yield peptides, followed by an enrichment for phosphotyrosine
(pY) and phosphoserine/threonine (pST) peptides using an antibody-based and/or titanium dioxide (TiO2)-based enrichment method. After
the sample preparation and mass spectrometry, we subsequently identify and quantify phosphopeptides using liquid chromatography-mass
spectrometry and analysis software.

Video Link

The video component of this article can be found at https://www.jove.com/video/57996/

Introduction

An estimated 165,000 new cases and approximately 29,000 deaths will occur in 2018 due to prostate cancer, representing the most common
cancer and second leading cause of cancer-related death in men in the United States1. Early stages of prostate cancer are treatable with
resection or radiation therapy of organ-confined disease, where the ten-year recurrence rate is between 20% and 40% for patients who undergo
prostatectomy and between 30% and 50% for patients who receive radiation therapy2. Because prostate cancer relies on androgen signaling for
growth, surgical and chemical castration therapies are also employed for high-risk patients. However, relapse occurs when the cancer no longer
responds to androgen deprivation therapy as evidenced by biochemical recurrence, where the prostate-specific antigen in serum rises again.
At this point in the progression, metastases are often detected as well. This advanced stage, called metastatic castration-resistant prostate
cancer, represents the lethal form of the disease where the prognosis is a median survival time of less than two years3. Few treatment options
are available in late-stage disease, including second-generation antiandrogens such as enzalutamide and abiraterone, as well as taxane-based
chemotherapy like docetaxel. Despite available treatments, the disease often progresses. Therefore, the discovery and development of novel
treatment modalities are necessary to improve the care of prostate cancer patients with advanced disease.

Mass spectrometry (MS)-based approaches provide a global analysis of the proteome through the detection of hundreds to thousands of peptide
analytes4. In particular, discovery proteomics, also known as data-dependent acquisition (DDA), can yield the identification and quantitation
of thousands of peptides4,5. MS-based discovery proteomics can be further delineated into top-down proteomics, where intact proteins are
characterized, and bottom-up (also known as shotgun) proteomics, where peptides are analyzed to characterize proteins5. Thus, in shotgun
proteomics, a proteolysis step takes place in the sample preparation preceding the MS analysis to cleave proteins into peptides. At the end,
a database search is performed to map the peptides back to the proteins for identification. Label-free as well as several isotope-labeling [e.g.,
stable isotope labeling by amino acids in cell culture (SILAC)] methods can be used to quantitatively compare peptides between samples6,7.
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While isotope labeling techniques are the gold standard, label-free methods have demonstrated similar quantification accuracies8,9 and have
comparable tradeoffs between sensitivity and specificity10. Label-free quantitation provides greater coverage and permits comparisons between
many more samples, whereas label-based methods are limited by cost and multiplexing capacities6,7,8.

Furthermore, shotgun MS can be also used to interrogate post-translational modifications (PTMs) such as phosphorylation11. Due to the lower
stoichiometric nature of phosphopeptides compared to total peptides, several methods are employed to enrich for phosphopeptides, including
antibody-based immunoprecipitation of phosphotyrosine (pY) peptides, titanium dioxide (TiO2), and immobilized metal affinity chromatography
(IMAC)5,12. Because protein phosphorylation is a key step in many cell signaling pathways, shotgun phosphoproteomics allows researchers
to investigate cell signaling changes in different cancers, including breast13, prostate14, renal15, and ovarian,16,17 to better understand cancer
biology and to identify potential new targets for therapy.

This label-free shotgun phosphoproteomic method was built and refined based on previous work by the Graeber group18,19,20. This protocol
begins by describing the extraction and digestion of proteins and phosphoproteins from tissue into peptides. We then detail the enrichment of
pY peptides using specific phosphotyrosine antibodies and TiO2. We also describe the enrichment of phosphoserine/threonine (pST) peptides
using strong cation exchange (SCX) followed by TiO2. This protocol concludes with the submission of samples to an MS facility and the use of
MS analysis software to identify and quantify phosphopeptides and their corresponding phosphoproteins. The application of this protocol can
extend beyond prostate cancer into other cancers and fields outside of oncology.

Protocol

Experiments using xenograft tumors were approved by the Rutgers University Institutional Animal Care and Use Committee as set forth under
the guidelines of the National Institutes of Health.

1. Protein Extraction

1. Prepare lysis buffer (Table 1). (The volume depends on the number of samples to be harvested.) For in vitro cell samples, proceed to step
1.2. For tumor tissue, proceed to step 1.3.

2. Harvesting cells
1. Collect the cells in a 50 mL conical tube and spin them at 700 x g for 5 min at 4 °C. Discard the supernatant and keep the pellet on ice.

Repeat this step for all dishes to collect the cells into one pellet. (Typically, about 5 nearly confluent 15-cm dishes of cells are needed
for 5 mg of protein, but this may be dependent on the cell line and needs to be determined empirically by each investigator.)

2. Wash the pellet with 30 mL of chilled phosphate-buffered saline (PBS) and spin at 700 x g for 5 min at 4 °C before aspirating the PBS.
Add 1.5 mL of lysis buffer per 5 mg of protein used to the cell pellet. Pipet up and down a couple of times. Skip to step 1.4.

3. Harvesting tissues
1. Weigh the tumor and add 2 mL of ice-cold lysis buffer for every 100 mg of tissue in a culture test tube. (Typically, 50 to 150 mg of tissue

wet weight is needed.)

4. Homogenize the lysate using a hand-held or benchtop homogenizer (pulse 2x for 15 s.) Clean the homogenizer before the first sample and
between samples by using 10% bleach, 70% ethanol, and deionized water in succession.

5. To reduce and alkylate, heat the homogenized samples at 95 °C for 5 min. Then cool them on ice for 15 min. On ice, sonicate the lysate 3x
(i.e., pulse for 30 s with 60 s pauses between pulses). The sample should not be viscous or clumpy at this point. Heat the lysate at 95 °C for 5
min21.

6. Centrifuge the lysate in the same sonication tube using a swing bucket rotor at 3,500 x g at 15 °C for 15 min. Collect the supernatant and
discard the pellet.

7. Determine the protein concentration by performing a Bradford assay22. If necessary, dilute the lysate to 5 mg/mL with a lysis buffer. Store it at
-20 °C.
 

Note: The experiment can be paused here. Freeze the samples at -80 °C and continue at a later date.

2. Lysate Digestion

1. Dilute the sample 12-fold by using 100 mM Tris (pH = 8.5) to reduce the amount of guanidinium. Dilute all samples to the same volume to
minimize the effects of unequal digestion. Save 12.5 µg of the undigested lysate to confirm it on a Coomassie-stained gel23.

2. For 5 mg of protein, add 10 µg of Lysyl Endopeptidase (Lys-C) and incubate it at room temperature for 5 - 6 h. Adjust pH to 8.0 by adding 1 M
untitrated Tris (pH ~11).

3. Prepare 1 mg/mL of L-1-tosylamido-2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin in 1 mM HCl (with 20 mM CaCl2). Add the
trypsin at a 1:100 trypsin:protein ratio and incubate it at 37 °C for 3 h.

4. Add the same amount of fresh trypsin as in step 2.3. Incubate it at 37 °C overnight.
5. Save 12.5 µg of the digested lysate to confirm the complete digestion on a Coomassie-stained gel23.

3. Reverse Phase Extraction

1. Record the lysate volume. Filter the sample by using a 15 mL 10 kDa cutoff filter. Centrifuge the sample at 3,500 x g using the swing bucket
rotor (or 3,500 x g in a fixed angle rotor) at 15 °C until the retentate volume is less than 250 µL (this takes approximately 45 - 60 min). Collect
the flow-through and discard the retentate.
 

Note: The experiment can be paused here. Freeze the samples at -80 °C and continue at a later date.
2. To acidify the sample, add approximately 20 µL of 5% trifluoroacetic acid (TFA) per mL of lysate. Mix them well and measure the sample pH

by using pH strips. Adjust pH to 2.5 using 5% TFA.
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3. Connect the shorter end of a C-18 column to a vacuum manifold. Set the vacuum between 17 and 34 kPa (or according to the manufacturer’s
instructions). Using glass pipettes, wet the column with 3 mL of 100% acetonitrile (ACN). Do not let the column dry.

4. Using glass pipettes, equilibrate the column with 6 mL of 0.1% TFA applied as 2x 3 mL. Load the acidified sample into the column. Do not
add more than 3 mL at a time. Adjust the vacuum to target about 1 to 2 drops per second.

5. Using glass pipettes, wash the column with 9 mL of 0.1% TFA applied as 3x 3 mL. Elute the column with 2 mL of 40% ACN, 0.1% TFA.
Collect two 2 mL fractions into glass culture tubes. Discard the column.

6. Cover the eluate tubes with parafilm and punch 3 - 5 holes on the cover using a 20G needle. Freeze the eluate on dry ice for at least 30 min
until it is completely solid.

7. Lyophilize the fractions overnight. On the following day, make sure the samples are completely dry before stopping the lyophilizer. Store the
tubes in a 50 mL conical tube with delicate wipes at -80 °C.
 

Note: The experiment can be paused here.

4. Immunoprecipitation and Enrichment of pY Peptides24

1. Resuspend the lyophilized powder with 0.5 mL of ice-cold immunoprecipitation (IP) binding buffer in each fraction. Pool the fractions by
transferring the 0.5 mL resuspension volume from the second fraction to the first fraction and save the pipette tip. Vigorously vortex (instead
of pipetting up and down) to make sure the sample is completely dissolved before transferring it to a 3.6 mL screw cap cryotube.

2. As in step 4.1., rinse the lyophilization tubes with another 0.5 mL of IP binding buffer (Table 1) in each tube. Transfer the solution to the 3.6
mL screw cap tube using the same pipette tip to minimize any sample loss. Repeat the rinse 1x more, making the final resuspension volume
2 mL (for 5 mg of protein). Measure the sample pH to make sure it is approximately 7.4. If it is too acidic, iteratively add 10 µL of 1M Tris
(untitrated, pH ~11). If it is too basic, iteratively add 10 µL of dilute HCl (1:25 or 1:100).

3. Pre-wash the pY beads (for 5 mg of starting lysate)
1. 25 µg of 4G10 antibody and 12.5 µg of 27B10.4 antibody are needed per sample. After using a p200 pipette with a cut tip to transfer

the antibodies into separate microcentrifuge tubes, wash the antibodies with 450 µL of ice-cold IP binding buffer 2x. Centrifuge them at
100 x g for 1 min at 4 °C and aspirate out the supernatant.

2. Resuspend the beads to a stock concentration of 0.5 mg/mL using IP binding buffer. (Do not vortex the beads.) After aliquoting the
necessary slurry (50 µL of 4G10 antibody slurry and 25 µL 27B10.4 antibody slurry per sample) into a single tube, spin down the
stock centrifuge tubes at 200 x g for 1 min at 4 °C. Wash the sidewalls with supernatant before returning the beads to storage in the
refrigerator.

4. Add pre-washed pY beads to the resuspended sample solution in the screw cap cryotubes. Incubate them at 4 °C on an end-over-end rotator
overnight.

5. Place the screw cap cryotubes in a 50 mL centrifuge tube lined with a delicate wipe. Spin down the beads at 100 x g for 1 min. Save the
supernatant, which will be used to enrich for pST peptides. (The enrichment for pST begins at step 7 and can be performed in parallel to the
pY peptide processing).

6. Resuspend the beads with 300 µL of IP binding buffer. Transfer them to a 2 mL microcentrifuge tube and spin them down at 100 x g for 1 min
at 4 °C.

7. Rinse the incubation tube 3x with 200 µL of IP binding buffer. Transfer the contents to the same Microcentrifuge tube each time. Then spin
them down.

8. Wash the beads in the microcentrifuge tube 3x with 500 µL of IP binding buffer and spin them down at 100 x g for 1 min. Then wash the
beads 4x with 450 µL of 25 mM NH4HCO3, pH 7.5, and spin them down at 100 x g for 1 min. Use a fresh 25 mM NH4HCO3 solution from
powder every time.

9. Centrifuge the beads at 1,500 x g for 1 min. Use a gel-loading tip to remove the supernatant completely by dipping the tip of the gel-loading
tip slightly below the beads’ surface.

10. Add 4x the bead volume of 0.1% TFA to the beads (i.e., add 300 µL of 0.1% TFA for 75 µg of pY bead slurry). Mix them well and incubate the
mixture in a thermomixer at 1,000 rpm for 15 min at 37 °C.

11. Transfer the resuspension to a 0.2 µm spin filter. Quickly spin down the elution tube and transfer the residual volume to the same spin filter
using a P10 pipet. Spin down the spin filter at 850 x g for 1 min. Transfer the elution to a low protein-binding microcentrifuge tube. Vacuum
concentrate the eluate to dryness overnight at 40 °C and with a heat time of 300 min.
 

Note: The experiment can be paused here. Freeze the samples at -80 °C and continue at a later date.

5. Titanium Dioxide Enrichment25 of pY Peptides

1. Resuspend the dried down phosphopeptides in 200 µL of 50% ACN, 0.1% TFA. Vortex and centrifuge them at 10,000 x g for 30 s. Repeat
this 1x to resuspend them well.

2. Preparing the TiO2 beads contained in tips that have a capacity for 200 µL samples.
1. Gently tap on the small tip-side of the tip to move the material to that end. Rinse the tip by adding 200 µL of 100% ACN, followed by

inverting the tip and flicking the small end to move the liquid towards the cap.
2. Using a razor blade, cut the small tip of the tip and place it over a low protein-binding tube. (Avoid using polystyrene tubes as the

TiO2 will stick to the sides of the tube.) Remove the cap and insert a micropipette to plunge out the remaining ACN. Repeat the wash
with 200 µL of 100% ACN. The TiO2 beads are now located in the low protein-binding tube for the following steps.

3. Precondition TiO2 with 500 µL of 100% ACN 2x. Pipet it to mix the beads with the solvent. Centrifuge them at 100 x g for 1 min.
4. Condition TiO2 with 500 µL of 0.2 M sodium phosphate buffer (pH ~7) 2x. Wash the beads with 300 µL of equilibration buffer 3x.

Because TiO2 is very dense, the beads will settle quickly.

3. Add 400 µL of 50% ACN, 0.1% TFA into the low protein-binding tube, followed by adding 84 µL of lactic acid. Transfer the resuspended
phosphopeptides into the low protein-binding tube and incubate them for 1 h at room temperature using an end-over-end rotator.

4. Centrifuge the beads at 100 x g for 1 min to pellet them. Wash them with 300 µL of equilibration buffer (Table 1) 2x and spin them down at
100 x g for 1 min.
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5. Rinse the beads with 300 µL of rinsing buffer 2x. Transfer them to a 0.2 µm spin filter. Spin them at 1,500 x g for 1 min.
6. Transfer the filter unit to a clean 1.5 mL low protein-binding tube. Elute the contents 2x with 200 µL of 0.9% NH3 in H2O. Measure the pH with

pH strips, which should be between 10 and 11. Vacuum concentrate the eluate to dryness overnight to evaporate the ammonia.

6. Desalting pY Peptides for MS Analyses

1. Reconstitute the phosphopeptides with 15 µL of 0.1% TFA by vortexing and centrifuging them at 10,000 x g for 30 s to resuspend them.
Repeat this 1x to resuspend them well. Do not pipette up and down.

2. Clean the sample using a C-18 tip with a binding capacity of 5 µg and follow the manufacturer’s protocol.
3. Completely dry the elution volume by vacuum concentration. This takes 1 - 2 h. Resuspend the dried phosphopeptides in 12.5 µL of mass

spectrometry solution (see Table 1) (or as recommended by the researcher’s MS proteomics core facility). Vortex and briefly spin the solution
down at 10,000 x g for 30 s. Repeat this 2x to resuspend them well. The samples are ready for submission to a mass spectrometry facility
(step 11).
 

Note: The following steps below are related to pST peptide enrichment only.

7. Reverse Phase Extraction of pST Peptides

1. Measure the peptide concentration of the supernatant acquired from step 4.6 by performing a peptide assay. A sufficient amount for pST
mass spectrometry is 2.5 mg.

2. Adjust pH to 3.5 with 5% TFA.
3. Connect the shorter end of a C-18 column to a vacuum manifold. Set the vacuum between 17 and 34 kPa (or according to the manufacturer’s

instructions). Wet the column with 3 mL of 100% ACN. Do not let the column dry.
4. Equilibrate the column with 6 mL of 0.1% TFA applied as 2x 3 mL. Load the acidified sample into the column. Do not add more than 3 mL at a

time. Adjust the vacuum to target about 1 - 2 drops per second.
5. Wash the column with 9 mL of 0.1% TFA applied as 3x 3 mL. Elute the column with 2 mL of 40% ACN, 0.1% TFA. Collect two 2 mL fractions

into glass culture tubes. Discard the column.
6. Cover the eluate tubes with parafilm and punch 3 - 5 holes on the cover using a 20G needle. Freeze the eluate on dry ice for at least 30 min

until it is completely solid.
7. Lyophilize the selected fractions overnight. On the following day, make sure the samples are completely dry before stopping the lyophilizer.

Store the tubes in a 50 mL conical tube with delicate wipes at -80 °C.
 

Note: The experiment can be paused here.

8. Strong Cation Exchange (SCX) of pST Peptides

1. Resuspend the lyophilized peptides in 2 mL of Buffer A (Table 1). Pool the fractions for each sample. (The solution will be cloudy.)
2. Prepare the vacuum manifold. Connect an SCX column to a 3 mL syringe with the plunger removed. Set the vacuum between 17 and 34 kPa

(or according to the manufacturer’s instructions).
3. Condition the SCX column with 4 mL of ACN, followed by 4 mL of Buffer A.
4. Load the 2 mL of the sample from step 8.1 and collect the eluate immediately. Load 3 mL of A:B (80.9:19.1) buffer and collect the eluate. Pool

the eluates of each sample and aliquot them into 2 mL low protein-binding tubes.
5. Vacuum concentrate all samples until approximately 30% of the volume remains. (This step takes approximately 2 - 4 h.) Pool the aliquots

into 1 low protein-binding tube for each sample.
6. Connect the shorter end of a C-18 column to a vacuum manifold. Set the vacuum between 17 and 34 kPa (or according to the manufacturer’s

instructions). Wet the column with 3 mL of 100% ACN 2x. Do not let the column dry.
7. Equilibrate the column with 3 mL of 0.1% TFA 2x. Load the sample into the column. Do not add more than 3 mL at a time. Adjust the vacuum

to target about 1 - 2 drops per second.
8. Wash the column with 3 mL of 0.1% TFA 2x. Elute the column with 4 mL of 50% ACN, 0.1% TFA.

9. Titanium Dioxide Enrichment of pST Peptides

1. Preparing the TiO2 beads contained in tips that have a capacity for 200 µL samples
1. Gently tap on the small tip side of the tip to move the beads to that end. Remove the cap and pour the beads into a polypropylene 15

mL conical tube.
2. Rinse the tip by adding 200 µL of 100% ACN, inverting the tip a couple times and flicking the small end to move the liquid towards the

cap. Using a razor blade, cut the small tip of the tip and place it over the polypropylene 15 mL conical tube. Remove the cap and insert
a micropipette to plunge out the remaining ACN. Repeat the wash with 200 µL of 100% ACN. The TiO2 beads are now located in the
15 mL conical tube for the following steps.

3. Precondition TiO2 with 500 µL of 100% ACN 2x. Pipet it to mix the beads with the solvent. Centrifuge them at 100 x g for 1 min.
4. Condition TiO2 with 500 µL of 0.2 M sodium phosphate buffer (pH ~7) twice. Wash the beads with 300 µL of equilibration buffer 3x.

2. Transfer the eluted phosphopeptides into the polypropylene 15 mL conical tube. Add 560 µL of lactic acid and incubate it for 1 h at room
temperature using an end-over-end rotator.

3. Centrifuge the mixture at 100 x g for 1 min to pellet the beads. Wash them with 300 µL of equilibration buffer (Table 1) 3x. Spin them down at
100 x g for 1 min.

4. Rinse the beads with 300 µL of rinsing buffer 2x. Transfer them to a 0.2 µm spin filter. Spin them down at 1,500 x g for 1 min.
5. Transfer the filter unit to a clean 1.5 mL low protein-binding tube. Elute the contents 2x with 200 µL of 0.9% NH3 in H2O. Let the solution sit on

the phosphopeptides for 2 min before eluting them. Measure the pH, which should be between 10 and 11.
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6. Vacuum concentrate the eluate to dryness overnight to evaporate the ammonia.

10. Desalting pST Peptides for MS Analyses

1. Gently tap on the small tip-side of the tip to move the material to that end. Rinse the tip by adding 200 µL of 100% ACN, followed by inverting
the tip and flicking the small end to move the liquid towards the cap.

2. Using a razor blade, cut the small tip of the tip and place it over a polypropylene 15 mL conical tube. Remove the cap and insert a
micropipette to plunge out the remaining ACN. Repeat the wash with 200 µL of 100% ACN. The TiO2 beads are now located in the
polypropylene 15 mL conical tube for the following steps.

3. Clean the sample using a C-18 tip with a binding capacity of 100 µg. (Follow the manufacturer’s instructions.)
4. Completely dry the elution volume by vacuum concentration. This takes 1 - 2 h.
5. Resuspend the dried phosphopeptides in 12.5 µL of mass spectrometry solution (or as recommended by the researcher’s MS proteomics

core facility). Vortex and centrifuge them at 10,000 x g for 30 s. Repeat 2x to resuspend them well. (Do not pipette up and down.)

11. Mass Spectrometry Analysis

1. Submit the samples to the MS proteomics core facility to perform liquid chromatography-tandem MS (LC-MS/MS) using their recommended
settings. Example settings are as follows (see Table 2 for the summary):

1. Load 5 µL of the samples onto a trap column (2 cm long x 75 µm diameter) and wash them with 0.1% TFA for 5 min with a flow rate of
5 µL/min.

2. Bring the trap in line with a nano analytical column (20 cm x 75 µm) with a flow rate of 300 nL/min.
3. The segmented linear gradients (a percentage of 0.16% formic acid, 80% ACN in 0.2% formic acid) are different between pY and pST

samples:
1. For the pY samples, elute them using a gradient of 4 - 15% in 5 min, 15 - 50% in 40 min, and 50 - 90% in 5 min.
2. For pST samples, elute them using a gradient of 4 - 15% in 30 min, 15 - 25% in 40 min, 25 - 50% in 44 min, and 50 - 90% in 11

min.

4. Acquire MS data in data-dependent acquisition mode with a cyclic series of a full scan with a resolution of 120,000 followed by MS/MS
(HCD, relative collision energy of 27%) of the 20 most intense ions and a dynamic exclusion duration of 20 s.

2. After the MS run completion, import the MS raw files into an MS analysis software program to identify and quantify phosphopeptides.
(MaxQuant software8,26,27 was used in this experiment. Unless specified in Table 3, the default settings were used.)

Representative Results

This protocol describes in detail a method for protein extraction and digestion followed by phosphopeptide enrichment and subsequent MS
analysis (Figure 1). The compositions of all the buffers and solutions that are used in this protocol are listed in Table 1. The sequential use
of Lys-C and trypsin provides an efficient digestion. A Coomassie-stained gel of pre-digested lysate confirms the presence of proteins, while
staining of post-digested lysate confirms the complete digestion (Figure 2A). For a complete digestion, no bands should appear above 15
kDa, except the 30 kDa and 23.3 kDa bands for Lys-C and trypsin, respectively. The addition of Lys-C also reduces the number of missed
cleavages (Figure 2B). Because pY peptides represent only 2% of the phosphoproteome28, immunoprecipitation of the pY peptides using
a pY-specific antibody is the first step of pY peptide enrichment. The resulting supernatant becomes the input for pST peptide enrichment.
The pY immunoprecipitation effectively separates pY peptides from pST peptides where on average 85% of the phosphopeptides identified
from the pY preparation are pY (Figure 3A) and over 99% of the phosphopeptides identified from the pST preparation are pST (Figure 3B).
Titanium dioxide is used to enrich for phosphopeptides in both preparations. The expected percentage of peptides in the MS-ready preparation
that are phosphorylated is between 30 - 50% (Figure 4A). The variability in the phosphopeptide enrichment percentage may be greater in the
pY preparation as a result of there being many fewer pY peptides than pST peptides. In terms of phosphopeptide species, the majority of the
phosphopeptides detected have a single or double phosphoryl group (Figure 4B).

After performing mass spectrometry, the MS raw files are loaded into an MS analysis software. The parameter settings used in the experiment
are listed in Table 3 but will vary from software to software and may vary from version to version. The parameters that are not listed were left
as default, including an FDR cutoff of 1% for peptide-spectrum matching (PSM) with a minimum Andromeda score of 40 for the identification of
modified peptides27. Setting a localization probability cutoff of greater than 0.75 filters out approximately 5% of the pY peptides and 15% and
34% of the pS and pT peptides, respectively (Figure 5A). After applying these filters, the expected number of phosphopeptide identifications at
the end of the MS analysis is approximately 300 pY peptides (for 5 mg of the starting protein) and about 7,500 pS peptides and 640 pT peptides
(for 2.5 mg of the starting peptide amount) from the respective enrichment preparations (Figure 5B). The number of replicates and the variability
of the phosphopeptide signal intensity determines adequate powering for statistical comparisons. In four separate experiments with groups
containing either biological duplicates or triplicates, the percent coefficients of variation (%CV) for detected phosphopeptides were calculated.
Distributions of lower variability (e.g., pST groups 1 - 5 in Figure 5C) indicate that the sample collection, preparation, and mass spectrometry
runs were consistent. On the other hand, distributions of higher variability (e.g., pST group 6 in Figure 5C) indicates noisier data that would
require larger fold-changes to detect significant differences in downstream differential analyses.
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Figure 1: Workflow diagram. Proteins from samples are extracted and digested. Peptides are extracted by solid phase extraction (SPE),
and phosphotyrosine (pY) peptides are immunoprecipitated. In parallel, the phosphoserine/threonine (pST) peptides are enriched from the
supernatant in the pY immunoprecipitation step. Strong cation exchange (SCX) is performed on the supernatant to remove highly charged
peptides to reduce the ion suppression12. Both preparations undergo phosphopeptide enrichment via titanium dioxide (TiO2). After sample
cleanup, liquid chromatography-tandem mass spectrometry (LC-MS/MS) is performed to measure the phosphopeptide abundance. The raw data
is then loaded into an MS analysis software to identify phosphopeptides. Please click here to view a larger version of this figure.
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Figure 2: Evaluation of digestion. (A) Three samples with 12.5 µg of lysate pre-digestion, post-Lys-C digestion, and post-trypsin digestion
are shown. A Coomassie gel-stain test shows a clean digestion after sequential use of Lys-C and trypsin. The molecular weight (MW) size
markers are in kilodaltons (kDa). (B) A reduction in missed cleavages is observed after Lys-C was added to the protocol. The percentage
of phosphopeptides without missed cleavages increased from 48% to 64% and from 60% to 84% on average for pY and pST enrichment
preparations, respectively. The graphs summarize the data obtained from two experiments performed without Lys-C and five experiments
performed with Lys-C. The error bars are standard deviations representing 38 pY and 38 pST samples from 2 separate experiments (without Lys-
C) and 62 pY and 60 pST samples from 5 separate experiments (with Lys-C). Please click here to view a larger version of this figure.
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Figure 3: Enrichment of pY and pST phosphopeptides. These panels show the percentages of pSTY phosphopeptides from either (A) the pY
or (B) the pST enrichment preparations. The pY enrichment by pY immunoprecipitation and titanium dioxide resulted in 85% phosphopeptides
being for pY peptides, while only 0.1% of the phosphopeptides in the pST enrichment are pY. These values were drawn from examining the
Phospho (STY)Sites.txt file of one representative experiment after filtering out contaminants, reverse sequences, and phosphopeptides with
localization probabilities less than 0.75. Please click here to view a larger version of this figure.
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Figure 4: Phosphopeptide enrichment with titanium dioxide. (A) The percentage of detected phosphopeptides (relative to total
peptides) from samples in four separate experiments is shown. (B) This panel shows the average composition of mono-, double-, and multi-
phosphorylated peptides in four separate experiments. The error bars in panel A are standard deviations. Please click here to view a larger
version of this figure.
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Figure 5: Expected phosphoresidue identifications. (A) This panel shows the phosphorylation localization probabilities of IDs from pY
enrichment (left) and pST enrichment (right). The mean percentage of IDs that meet the > 0.75 probability cutoff is 93%, 75%, and 52% for pY,
pS, and pT, respectively. (B) The mean number of IDs with a >0.75 localization probability is 300 for pY, 7,500 for pS, and 640 for pT. (C) This
panel shows violin plots of the percent coefficient of variation (%CV) of the phosphopeptides. An evaluation of %CV was only performed if a
signal intensity value was detected in each biological replicate or triplicate group. Data was taken from four separate experiments. The error
bars in panels A and B are standard deviations from 34 pY and 34 pST samples from 4 separate experiments. Please click here to view a larger
version of this figure.
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Buffer Volume Composition

6 M guanidinium chloride lysis
buffer

50 mL 6 M guanidinium chloride, 100 mM tris pH 8.5, 10 mM tris
(2-carboxyethyl) phosphine, 40 mM chloroacetamide, 2 mM
sodium orthovanadate, 2.5 mM sodium pyrophosphate, 1 mM β-
glycerophosphate, 500 mg n-octyl-glycoside, ultra-pure water to volume

100 mM sodium pyrophosphate 50 mL 2.23 g sodium pyrophosphate decahydrate, ultra-pure water to volume

1M β-glycerophosphate 50 mL 15.31 g β-glycerophosphate, ultra-pure water to volume

5% trifluoroacetic acid 20 mL Add 1 mL of 100% trifluoroacetic acid into 19 mL ultra-pure water

0.1% trifluoroacetic acid 250 mL Add 5 mL 5% trifluoroacetic acid to 245 mL ultra-pure water

pY elution buffer 250 mL 0.1% trifluoroacetic acid, 40% acetonitrile, ultra-pure water to volume

pST elution buffer 250 mL 0.1% trifluoroacetic acid, 50% acetonitrile, ultra-pure water to volume

IP binding buffer 200 mL 50 mM tris pH 7.4, 50 mM sodium chloride, ultra-pure water to volume

25 mM ammonium bicarbonate, pH
7.5

10 mL Dissolve 19.7 mg into 10 mL sterile ultra-pure water, pH to 7.5 with 1 N
hydrochloric acid (~10-15 µL/10 ml solution), make fresh

1M phosphate buffer, pH 7 1,000 mL 423 mL 1 M sodium dihydrogen phosphate, 577 mL 1 M sodium
hydrogen phosphate

Equilibration buffer 14 mL 6.3 mL acetonitrile, 280 µL 5% trifluoroacetic acid, 1740 µL lactic acid,
5.68 mL ultra-pure water

Rinsing buffer 20 mL 9 mL acetonitrile, 400 µL 5% trifluoroacetic acid, 10.6 mL ultra-pure
water

Mass spectrometry solution 10 mL 500 µL acetonitrile, 200 µL 5% trifluoroacetic acid, 9.3 mL ultra-pure
water

Buffer A 250 mL 5 mM monopotassium phosphate (pH 2.65), 30% acetonitrile, 5 mM
potassium chloride,ultra-pure water to volume

Buffer B 250 mL 5 mM monopotassium phosphate (pH 2.65), 30% acetonitrile, 350 mM
potassium chloride, ultra-pure water to volume

0.9% ammonium hydroxide 10 mL 300 μL 29.42% ammonium hydroxide, 9.7 mL ultra-pure water

Table 1: Buffers and solutions. This table shows the compositions of the buffers and solutions used in this protocol.

LC-MS/MS Settings

Parameter pY Setting pST Setting

Sample loading (µL) 5

Loading flow rate (µL/min) 5

Gradient flow rate (nL/min) 300

4 - 15% for 5 min 4 - 15% for 30 min

15 - 50% for 40 min 15 - 25% for 40 min

50 - 90% for 5 min 25 - 50% for 44 min

Linear gradient (percentage 0.16% formic acid,
80% ACN in 0.2% formic acid)

50 - 90% for 11 min

Full scan resolution 120,000

Number of most intense ions selected 20

Relative collision energy (%) (HCD) 27

Dynamic exclusion (s) 20

Table 2: LC-MS settings. This is an example of LC-MS settings in a typical shotgun phosphoproteomic experiment. The samples were loaded
on to a trap column. The trap was brought in-line with an analytical column. These settings were optimized for using the LC-MS system listed in
the Table of Materials and Reagents. These settings would need to be adjusted for other LC-MS systems.
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MaxQuant Parameter Settings

Setting Action

Group-Specific Parameters

Type Select StandardType

Multiplicity Set to 1

Enzyme Select Trypsin/PDigestion Mode

Max. missed cleavages Set to 2

Modifications Variable modifications Add Phospho (STY)

Label-free quantification Select LFQ

LFQ min. ratio count Set to 1

Label-free quantification

Fast LFQ Check off

Miscellaneous Re-quantify Check off

Global Parameters

FASTA files Select fasta file downloaded from UniProtSequences

Fixed modifications Add Carbamidomethyl (C)

Match between runs Check off

Match time window Set to 5 min

Alignment time window Set to 20 min

Adv. Identification

Match unidentified features Check off

Protein quantification Min. ratio count Set to 1

Folder locations Modify accordingly

Table 3: MS analysis software settings. In MaxQuant, the group-specific and global parameters in this table were selected or adjusted. All
other parameters remained at default. These experiments were conducted using version 1.5.3.30. The parameters may vary from version to
version and from software to software.

Discussion

Before utilizing this protocol to enrich for phosphopeptides, a careful consideration of the experimental design is critical. Using biological
replicates is a more cost-effective use of mass spectrometry resources than technical replicates. The number of replicates that are necessary
will depend in part on the variability of the data. A recent study demonstrated that, while increasing the number of replicates beyond three only
marginally increases the number of identifications, the number of significant identifications between groups increases with more replicates10.

Due to the lower abundance of phosphoproteins in the cell, sufficient starting protein amounts are necessary to obtain a global phosphoproteome
from prostate cancer samples in discovery mode. In these experiments, 5 mg of protein was used. Approximately five nearly confluent 15-cm
dishes of cells provide enough protein as input into this protocol, although this will be cell line-dependent. As for tumor tissue, the expected yield
of protein is about 6 - 8% of tissue weight. In the in vitro setting, a positive control sample to consider is the addition of 1 mM vanadate for 30 min
before harvesting the cells. Vanadate, a competitive protein phosphotyrosyl phosphatase inhibitor, will preserve the tyrosine phosphorylation,
thus increasing the number of pY peptide identifications29.

Clean digestion is a key step to maximize phosphopeptide identification. In addition to the Coomassie stain test, the percent of missed cleavages
in the data can be used to evaluate digestion efficiency (Figure 2). Quality-control software is available that analyzes missed cleavages and
other metrics to assess MS data quality30. While trypsin is the most common, alternative proteases are available5 to address coverage gaps in
the proteome where optimal tryptic peptides cannot be generated31. The settings of the MS analysis software would then need to be modified
accordingly to adjust for changes in proteases.

The protocol employs immunoprecipitation (for pY enrichment) as well as titanium dioxide (TiO2) to enrich for phosphopeptides. Alternative
approaches to enrich for peptides include immobilized metal affinity chromatography (IMAC), other metal oxides for metal oxide affinity
chromatography (MOAC) such as aluminum hydroxide, and polymer-based metal ion affinity capture (PolyMAC)5,12. Previous studies have
shown that different enrichment methods enrich for different populations of phosphopeptides32. For instance, IMAC enriches more multi-
phosphorylated peptides while MOAC preferably enriches for mono-phosphorylated peptides33. The Representative Results of this protocol
reflect this observation (Figure 4B). A recent publication demonstrated that combining IMAC and MOAC using a hybrid material could potentially
provide greater coverage of phosphopeptide species34. Thus, this protocol could be modified to utilize other enrichment methods in parallel to
allow for even more comprehensive phosphoproteomic analyses.

The MaxQuant26 software suite is used to analyze the MS data in this protocol, but commercial applications35 are also available for
phosphopeptide identification and quantification. For phosphopeptide identification, a localization probability cutoff is applied. This filter is
performed to select for phosphopeptides with a high confidence (i.e., greater than 0.75) in phosphoresidue identification10,28. In other words,
the summed probability of all other residues that could potentially contain the phospho-group is less than 0.25. This cutoff could be raised to
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increase the stringency of the phosphopeptide selection. In regard to the number of identifications, the expected number of pY peptides is in
the hundreds, while the expected number of pST peptides is in the high thousands. These values reflect previously observed phosphoproteome
distribution where about 2%, 12%, and 86% of the phosphosites are pY, pT, and pS, respectively28.

If the pY and pST enrichment steps are performed in parallel, the sample preparation steps in the protocol can be completed in six days. By
pairing with the powerful tool of MS, phosphopeptide enrichment protocols such as this provide a global approach for scientists to collect data to
analyze the phosphoproteome in their respective research fields.
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Abstract

Purpose: Loss of cell-cycle control is a hallmark of cancer,
which can be targeted with agents, including cyclin-dependent
kinase-4/6 (CDK4/6) kinase inhibitors that impinge upon the
G1–S cell-cycle checkpoint via maintaining activity of the retino-
blastoma tumor suppressor (RB). This class of drugs is under
clinical investigation for various solid tumor types and has
recently been FDA-approved for treatment of breast cancer. How-
ever, development of therapeutic resistance is not uncommon.

Experimental Design: In this study, palbociclib (a CDK4/6
inhibitor) resistance was established in models of early stage,
RB-positive cancer.

Results: This study demonstrates that acquired palbociclib
resistance renders cancer cells broadly resistant to CDK4/6 inhi-
bitors. Acquired resistance was associated with aggressive in vitro

and in vivo phenotypes, including proliferation, migration, and
invasion. Integration of RNA sequencing analysis and phospho-
proteomics profiling revealed rewiring of the kinome, with a
strong enrichment for enhanced MAPK signaling across all resis-
tance models, which resulted in aggressive in vitro and in vivo
phenotypes and prometastatic signaling. However, CDK4/6
inhibitor–resistant models were sensitized to MEK inhibitors,
revealing reliance on active MAPK signaling to promote tumor
cell growth and invasion.

Conclusions: In sum, these studies identify MAPK reliance in
acquired CDK4/6 inhibitor resistance that promotes aggressive
disease, while nominating MEK inhibition as putative novel
therapeutic strategy to treat or prevent CDK4/6 inhibitor resis-
tance in cancer. Clin Cancer Res; 1–14. �2018 AACR.

Introduction
Dysregulation of the cell cycle is a hallmark of cancer. Although

initial attempts to target the cell cycle with nonspecific cyclin-
dependent kinase (CDK) inhibitors were clinically unsuccessful, a
new generation of selective CDK4/6 inhibitors has emerged that
has shown clinical promise across multiple cancer types, includ-
ing breast, melanoma, and colorectal cancer (1, 2). Currently,
three CDK4/6 inhibitors have entered clinical trials: palbociclib
(Ibrance), ribociclib (Kisqali), and abemaciclib (Verzenio) (1, 3).
Notably, these three inhibitors have recently received accelerated
FDA approval for treatment of hormone receptor–positive (HRþ),
Her2-negative breast cancer in combination with endocrine ther-
apy based on the PALOMA-2 (palbociclib), the MONALEESA-2
(ribociclib), and the MONARCH-2 (abemaciclib) phase III clin-
ical trials (4).

Despite evidence of clinical response, development of resis-
tance is common, and the underlying mechanisms that lead to
resistance are poorly understood. Consistent with the known
functions of CDK4/6 in promoting cell-cycle progression
through phosphorylation and inactivation of the retinoblasto-
ma tumor-suppressor protein (RB), CDK4/6 inhibitors require
an active RB pathway to elicit antitumor effects. As such,
resistance to CDK4/6 inhibitors can occur through disruption
of the RB pathway, as mediated by loss of the retinoblastoma
tumor suppressor (RB), cyclin D1 and CDK6 amplification, and
cyclin E-CDK2 activation (3, 5, 6). Other mechanisms of
resistance have also been reported that are independent of RB
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pathway alteration, including alterations or activation of the
PI3K/AKT/mTOR pathway (7, 8). Given the promise of CDK4/6
inhibitors in the clinical setting, there is an increasing need to
discern mechanisms of bypass and identify mechanisms to
anticipate and prevent therapeutic resistance.

Therapeutic opportunities for implementation of CDK4/6
inhibitors in the clinical setting are widest in tumors for which
RB pathway disruption is infrequent or occurs late in tumor
progression. As such, studies herein were conducted using pros-
tate adenocarcinoma as a tumor paradigm, in which a functional
RB pathway is largely intact in early stage disease. Prior to
androgendeprivation therapy,which is thefirst line of therapeutic
intervention for disseminated disease, almost all tumors retain RB
function, with 5% RB loss observed in primary tumors (9). By
contrast, RB loss is enriched in metastatic disease, occurring in
37% of metastatic cases in a retrospective cohort, and in 21% of
metastatic castration-resistant prostate cancer (CRPC; ref. 10), and
is found to be causative for the transition to CRPC (11), the lethal
stage of disease. Thus, CDK4/6 inhibitors are under clinical testing
in both hormone-na€�ve metastatic prostate adenocarcinoma
(NCT02059213) and metastatic CRPC (NCT02555189) as
adjuvant therapy for first- and second-line hormone therapy,
respectively.

As shown herein, acquired palbociclib resistance not only
rendered cancer cells broadly resistant to CDK4/6 inhibitors, but
also promoted aggressive phenotypes, including accelerated
growth in vitro and in vivo, as well as enhanced invasion and
clonogenic capacity. Unbiased global gene expression and phos-
phoproteomic profilingwere utilized to interrogate themolecular
alterations of acquired resistance to CDK4/6 inhibition in
multiple models of palbociclib resistance. These integrated
approaches revealed a reduction of RB function resulting in
CDK4/6 inhibitor resistance. In addition, acquired CDK4/6 resis-
tance was associated with activation of the MAPK signaling
pathway, which conferred sensitization to MEK inhibitors. In
sum, these studies demonstrate partially retained, hyperpho-
sphorylated Rb in acquired CDK4/6 inhibitor resistance and
nominate MEK inhibitors as a new treatment strategy for
advanced cancers upon developing CDK4/6 inhibitor resistance.

Materials and Methods
Tissue culture and establishing resistance lines

LNCaP- and LAPC4-derived cells were cultured in improved
minimum essential media (IMEM; Corning) or Iscove's modified
Dulbecco media (Corning), respectively, supplemented with 5%
heat-inactivated FBS (HyClone), 1% L-glutamine, and 1%
penicillin/streptomycin (11). Unless otherwise described, cells
were plated overnight and treated with 0.5 mmol/L PD0233991
(PD, palbociclib, SelleckChem), LEE011 (LEE, ribociclib,
Novartis), or U0126 (Promega). Palbociclib-resistant cell models
were generated from LNCaP and LAPC4 cells by sustained treat-
ment with 0.5 mmol/L PD (schematic in Fig. 1A) and maintained
under selection when resistance, measured via bromodeoxyur-
idine (BrdUrd) incorporation, was achieved after approximately
3 months. Cells were authenticated by the ATCC and checked for
mycoplasma upon thawing and at termination of maintenance
after <20 passages (ATCC 30-1012K).

Trypan blue exclusion
Cells were treated with a dose range of indicated doses of PD,

LEE, or U0126 for up to 6 days, with drugs refreshed every other
day. Cells were trypsinized, counted twice on a hemacytometer
using the Trypan blue exclusion method, and normalized to a
drug-free control. Experiments were performed at least twice in
quadruplicate.

Flow cytometry
Cells were treated with 0.5 mmol/L PD or LEE for 24 hours, and

after a 2-hour pulse labeling of BrdUrd (Amersham, RPN201),
adherent cells were harvested and fixed with 100% ethanol.
Proliferation was measured by bivariate flow cytometry using
BrdUrd and propidium-iodide (PI) staining. A Millipore Guava
EasyCyte flow cytometer captured 10,000 BrdUrd/PI events, and
the Millipore InCyte software was used to gate for the percentage
of BrdUrd incorporation. Experiments were performed at least
twice in biological triplicate.

RT-PCR
Cells were treatedwith 0.5mmol/L PDorCTRL for 24hours and

processed to assess RB1 expression, as described previously (12),
performed at least twice in biological triplicate.

Immunoblotting
Protein harvesting and immunoblotting were performed as

previously described (12), quantified in ImageJ. Antibodies used
are mouse-a-RB (BD-Biosciences; 554136), rabbit-a-GAPDH
(Santa Cruz Biotechnology; SC-25778), rabbit-a-CyclinA (Santa
Cruz Biotechnology; SC-596), rabbit-a-ERK1 (Santa Cruz Bio-
technology; SC-94), rabbit-a-phospho-p44/p42 (T202/Y204;
Cell Signaling Technology, 4370S), and goat-a-LaminB (Santa
Cruz Biotechnology; SC-6217). Phospho blots were blocked and
immunoblotted in 2.5% BSA, and all other blots with 5%milk in
PBS-Tween.

Migration and invasion assays
Corning FluoroBlok 24-Multiwell andCorning BioCoat Tumor

Invasion System plates were utilized for migration and invasion
assays, according to protocols provided by the company, per-
formed at least twice in quadruplicate. Bottom wells were filled
with IMEM/20%FBS. A total of 50,000 cells (passed 2x, 40 mmcell

Translational Relevance

In light of recent successes with the clinical application of
cyclin-dependent kinase-4/6 (CDK4/6) inhibitors in breast
cancer and with clinical trials underway in multiple tumor
types, it is anticipated that this class of drugs will become
standard of care for a variety of malignancies. Unfortunately,
development of therapeutic resistance is common, and there-
fore, it is imperative to understand mechanisms allowing
cancer progression. This study demonstrates in preclinical
models that acquired CDK4/6 inhibitor resistance is associat-
ed with a rewired kinome, which includes activation of the
MAPK signaling pathway as a common occurrence across
models, which conferred aggressive in vitro phenotypes, pro-
metastatic signaling, and enhanced tumor take in vivo. How-
ever, thisMAPK signaling dependence resulted in sensitization
to MEK inhibitors, nominating MEK inhibition as a potential
therapeutic approach to treat CDK4/6 inhibitor–resistant
cancers.
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Figure 1.

Acquired resistance to palbociclib results in broad CDK4/6 inhibitor resistance. A, Palbociclib (PD)-resistant (PDR) prostate cancer cells were generated via
continuous selection with 0.5 mmol/L PD for 2 to 3 months and evaluated regularly via flow cytometry (top). PD resistance was determined by treating
biological triplicate parental or PDR cells with 0.5 mmol/L PD, LEE (ribociclib), or CTRL (no drug) for 24 hours and measuring BrdUrd incorporation with a
flow cytometer after a 2-hour pulse labeling, fixation in EtOH, and staining with a secondary FITC-mouse-anti-BrdUrd antibody. FACS analysis was performed
by gating for the BrdUrdþ S-phase population (representative flow traces for biological triplicates are shown on the left), quantified in a bar graph on the
right as an indication of cell proliferation. FACS analysis showed that PD and ribociclib (LEE) fail to induce cell-cycle arrest in the G1 phase in LNCaP PDR lines.
B, Cells were treated for 24 hours with CTRL, 0.5 mmol/L PD, or LEE and immunoblotted for cyclin A, demonstrating a reduction in cyclin A protein upon
exposure to PD or LEE only in the parental cells, indicating biochemical resistance in LNCaP PDR cells. C, Cell counting via Trypan blue exclusion of quadruplet
samples with dose-escalation treatment with PD of t ¼ 6 days (LNCaP) or t ¼ 13 days (LAPC4) shows a significantly reduced response to PD in the PDR models,
compared with the parental cells. D, Acquired resistance to PD results in broad CDK4/6 inhibitor resistance as shown by a LEE dose escalation. �Significance for
dose–response curves was determined by a two-way ANOVA analysis performing a multivariate comparison of mean per dose for PDR vs. parental data.
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strainers) were seeded in the top compartment of each well in
serum-free IMEM and incubated for 48 hours (migration) or 72
hours (invasion). Cells were stained with Corning Calcein AM
Fluorescent Dye and measured on a BioTek SynergyHT plate
reader.

Clonogenic assays and FIJI
The bottom layer of 1% agar/PBS was mixed 1:1 with culture

media supplemented with 20% FBS and poured into 6-well
plates, after which a second layer with 0.6% agar/FBS mixed with
a cell-media/20%FBS suspension was poured on top. Where
mentioned, drugs were mixed into both agar layers. Note that
200 mL media � drugs were added on top and refreshed twice a
week. A total of 5,000 cellswere seededperwell in triplicate. Plates
were incubated for 3 weeks, after which each well was photo-
graphed. Images were analyzed with FIJI (ImageJ) as follows:
select each well transform to gray scale, adjust the threshold to
remove background, and detect colonies. Use the Analyze Parti-
cles algorithm to count total colonies and pixel sizes of each
colony. Experiments were performed at least twice in triplicate.

In vivo studies
Xenograft studies were performed in accordance with NIH

Guidelines, and animal protocols were approved by Institutional
Animal Care and Use Committee at Thomas Jefferson University.
Cells (3�106 per injection) suspended in PBSwere combined 1:1
with Matrigel (BD Biosciences; 354234) and injected s.c. into the
flanks of 5- to 6-week-old, intact-male athymic nude mice
(Charles River Laboratories). Tumor developmentwasmonitored
over time by palpation. Where indicated, mice received AIN-76A
diet laced with 6.7 mg/kg trametinib or control (kindly provided
by the laboratory of Dr. Andrew Aplin, Thomas Jefferson
University).

RNA sequencing and gene set enrichment analyses
RNAwas extractedwith the RNeasy Kit (Qiagen) fromPDR and

parental LNCaP or LAPC4 cells pre-treated 24h with 0.5 mmol/L
PD or vehicle (CTRL). Note that 100 to 200 ng of total RNA was
used to prepare RNA sequencing (RNAseq) libraries using the
TruSeq RNA Sample Prep Kit V2 (Illumina), following the pro-
tocol described by the manufacturer. High-throughput sequenc-
ing (HTS) was performed using an IlluminaHiSeq2500with each
sample sequenced to a minimum depth of approximately 50
million reads. A paired end 2� 125 cycle sequencing strategy was
used. Data were subjected to Illumina quality control (QC)
procedures (>80% of the data yielded a Phred score of 30).
Secondary analysis was carried out on anOnRampBioinformatics
Genomics Research Platform (OnRamp Bioinformatics; ref. 13).
OnRamp's advanced Genomics Analysis Engine utilized an auto-
mated RNAseq workflow to process the data (13, 14), including
(1) data validation and quality control, (2) read alignment to the
human genome (hg19) using TopHat2 (15), which revealed
>90% mapping of the paired end reads, (3) generation of
gene-level count data with HTSeq, and (4) differential expression
analysis with DEseq2 (15), which enabled the inference of
differential signals with robust statistical power. (Genomics
Research Platform with RNAseq workflow v1.0.1, including
FastQValidator v0.1.1a, Fastqc v0.11.3, Bowtie2 v2.1.0, TopHat2
v2.0.9, HTSeq v0.6.0, DEseq v1.8.0.)

The resulting BAM files were sorted and input into the Python
package HTSeq to generate count data for gene-level differential

expression analyses. To infer differential signalwithin the data sets
with robust statistical power, DEseq2was utilized (15). Transcript
count data from DESeq2 analysis of the samples were sorted
according to their adjusted P value or q value and the smallest FDR
at which a transcript is called significant (q < 0.1). FDR is the
expected fractionof false-positive tests among significant tests and
was calculated using the Benjamini–Hochberg multiple testing
adjustment procedure. LNCaP (LN) and LAPC4 (L4) sequencing
data are deposited using NCBI's Gene Expression Omnibus (16),
accessible through GEO Series accession number GSE99675.

Analysis of phosphotyrosine, phosphoserine, and
phosphothreonine peptides by quantitative mass spectrometry

PDR and parental LNCaP or LAPC4 cells were treated for 24
hours with 0.5 mmol/L PD or CTRL, scraped, pelleted, and snap
frozen. Protein digestion and phosphopeptide enrichment were
performed as previously described (17–19) withminormodifica-
tions. Briefly, cells were lysed in 6 mol/L guanidinium hydro-
chloride buffer (6 mol/L guanidinium chloride, 100mmol/L Tris
pH 8.5:10 mmol/L Tris (2-carboxyethyl) phosphine, 40 mmol/L
2-chloroacetamide, 2mmol/L vanadate, 2.5mmol/LNaPyropho-
sphate, 1 mmol/L Beta-glycerophosphate, 10 mg/mL N-octyl-
glycoside). Lysates were sonicated and cleared, and protein was
measured. Note that 5 mg of protein was digested with trypsin,
and the resulting phosphopeptides were subjected to phospho-
tyrosine antibody-based enrichment via immunoprecipitation.
The immunoprecipitate was washed, and phospho-Tyrosine (pY)
peptides were eluted. The supernatant from the pY immunopre-
cipitations was kept for phospho-serine/threonine (pST) peptide
enrichment. pST peptides (2.5 mg) were desalted using C18
columns and then separated using strong cation exchange chro-
matography. In separate reactions, the pY and pST peptides were
then further enriched using titanium dioxide columns to remove
existing nonphosphorylated peptides. The pY and pST peptides
were then desalted usingC18 tips prior to submission on themass
spectrometer. Samples were analyzed by LC-MS/MS using a dual
pumpnanoRSLC system(Dionex) interfacedwith aQExactiveHF
(ThermoFisher). Samples were run in technical duplicates, and
data were searched usingMaxQuant Andromeda version 1.5.3.30
(20) against the Uniprot human reference proteome database
with canonical and isoform sequences (downloaded September
2016 from http://uniprot.org). MaxQuant Andromeda para-
meters were set as previously described (21). Data are deposited
in the ProteomeXchange Consortion via the PRIDE partner repos-
itory, accessible through dataset identifier PXD006561 (22).

MS data analysis was performed as previously described (23).
For clustering, pY data were filtered using an FDR-corrected
ANOVA P value of 0.2, and pS/pT data were filtered using an
FDR-correctedANOVAP valueof 0.05.Hierarchical clusteringwas
performed using the Cluster version 3.0 with the Pearson corre-
lation and pairwise complete linkage analysis (24). Java TreeView
version 1.1.6r4 was used to visualize clustering results (25).

Kinase substrate enrichment analysis
Kinase substrate enrichment analysis (KSEA) was performed as

previously described (18). Briefly, phosphopeptides were rank-
ordered by average fold change between PDR and parental cells.
The enrichment score was calculated using the Kolmogorov–
Smirnov statistic. Statistical significance was calculated via per-
mutation analysis. The normalized enrichment score (NES) was
calculated by taking the enrichment score and dividing it by the
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mean of the absolute values of all enrichment scores from the
permutation analysis. The Benjamini–Hochberg procedure was
utilized to calculate FDR for each kinase. For pY analyses, cutoffs
of FDR < 0.05, hits > 4, andNES > 1.3were used. For pST analyses,
cutoffs of FDR < 0.02, hits > 5, and NES > 2 were used.

Results
Although CDK4/6 inhibitors have shown promise in clinical

trials for cancer treatment, acquired resistance is common. Thus,
the present study interrogated the underpinnings of therapeutic
resistance, to identify markers for therapeutic outcome and devel-
op new strategies when resistance develops.

Acquired resistance to palbociclib results in broad CDK4/6
inhibitor resistance

Palbociclib-resistant (PDR) prostate adenocarcinoma cell
models generated from hormone therapy–sensitive prostate ade-
nocarcinoma cells (LNCaP and LAPC4) demonstrated retained
BrdUrd incorporation after PD treatment (LNCaP-parental: 5.3%;
LN-PDR1: 32.3%; LN-PDR2: 34.2%), indicative of a G1–S cell-
cycle checkpoint bypass (Fig. 1A; Supplementary Fig. S1A).
Retained cyclin A (an RB/E2F target gene) protein levels after
24-hour treatment with 0.5 mmol/L PD confirmed acquired
resistance (Fig. 1B; Supplementary Fig. S1B). Ribociclib (LEE011,
LEE) is similar to PD in chemical structure and likewise targets the
ATP-binding pocket, and thus it was not surprising that the PDR
models were resistant to LEE, as observed via retained BrdUrd
incorporation (LNCaP-parental: 9.8%; LN-PDR1: 35.4%,
LN-PDR2: 37.9%) and cyclin A (Fig. 1A and B; Supplementary
Fig. S1A and S1B). Dose–response curves confirmed that PDR
models continued to proliferate, whereas the parental cells were
arrested at submicromolar doses of PD or LEE (Fig. 1C and D).
These findings indicate that acquired resistance to palbociclib
confers broad resistance to this class of agents, suggestive of
common mechanisms of bypass.

Acquired CDK4/6 inhibitor resistance is associated with
rewired transcriptional programs

To identify transcriptional alterations underlying CDK4/6
inhibitor resistance, PDR and parental cells were treated for 24
hours with 0.5 mmol/L PD or control (CTRL), and RNAseq was
performed. The MA plots in Supplementary Figs. S2A (right) and
S3A represent the log ratio (M) of the PD versus CTRL values over
the average log intensity (A) of each transcript, visualizing a global
reduction of differentially expressed genes in PDR models com-
pared with the parental cells after PD treatment. Strikingly, the
large cluster of downregulated genes in the parental model
(indicated by the blue arrow) was absent in the resistant cells,
confirming that PD is unable to significantly inhibit this gene
cluster. When comparing PDR1 and PDR2 profiles with parental
cells, in bothPD-treated andCTRL conditions, vast transcriptomic
changes were observed in both the total number of differentially
expressed transcripts and log ratio amplitudes (Fig. 2A, left;
Supplementary Fig. S3B). Although PD treatment showed limited
impact on the transcriptome of the PDR lines compared with
parental cells, these models demonstrated extensive alteration in
the transcriptome to adapt to extended PD exposure. Themajority
of transcripts (>1.5-fold, q value <0.1)were commonbetween the
two independently generated LNCaP PDR models in both CTRL
and PD conditions (Fig. 2A, right). Although the PDR models

showed a few distinctions, deregulated signaling pathways com-
mon between PDR models are most likely to contribute to
resistance.

To identify common pathways enriched in the PDR models,
complete transcriptional profiles were utilized inGene Set Enrich-
ment Analyses (GSEA: www.broadinstitute.org/GSEA) interrogat-
ing the predefined Oncogenic Signatures and Hallmarks from the
Molecular Signature Database (MSigDB; Fig. 2B; Supplementary
Figs. S2B and S3D).Gene sets enriched in both PDRmodels under
at least one conditionwere selected to highlight pathways that are
most likely to contribute to acquired CDK4/6 inhibitor resistance.
Enriched hallmark gene sets included G2–M checkpoint, support-
ing the contention that resistant cells bypass the G1–S checkpoint
and progress through cell cycle. Enrichment of E2F targets in PDR
lines suggests increased E2F activity, potentially mediated
through a bypass of RB. Genomic RB loss has been observed in
approximately 30% of advanced prostate adenocarcinoma across
different patient cohorts, and as RB is the main target of CDK4/
6-mediated phosphorylation, loss of this gene has been attributed
to resistance to CDK4/6 inhibitors (5, 26). Concordantly, RB
knockdown Oncogenic Signatures were also enriched, further
highlighting that RB function may be reduced (Fig. 2B). RT-PCR
and immunoblotting demonstrated that total RB mRNA and
protein were retained in all PDR lines, albeit reduced to 29% to
56% (Supplementary Figs. S2C and S3C, top). Retained RB
protein in the PDR models remained hyperphosphorylated
[Supplementary Figs. S2C and S3C, bottom, upper band total
RB (tRB)] in the presence of a CDK4/6 inhibitor, which attenuates
RB function, confirming aberrant inactivation of RB in the pres-
ence of CDK4/6 inhibitors that likely cause bypass of the G1–S
checkpoint and activation of E2F transcription factors. As the
kinome forms an intricate network of interactions (27), it was
postulated that bypass ofCDK4/6 inhibition likely causes kinome
rewiring. Notably, RNAseq uncovered enrichment of numerous
kinase-related signatures (Fig. 2B andC; Supplementary Fig. S4A).
These findings served as the impetus for further exploration to
identify specific kinase pathway(s) that could present novel
targets for therapeutic intervention.

MAPK activation is a hallmark for CDK4/6 inhibitor resistance
Phosphoproteomic mass spectrometry profiling provided an

unbiased approach to investigate the PDR-associated kinome.
Cells were treated for 24 hours with either 0.5 mmol/L PD or
control, lysed, and digested (Fig. 3A). pY peptides were immu-
noprecipitated with an anti-pY antibody, whereas pST peptides
remained in the supernatant, allowing analysis of both peptide
populations via LC-MS/MS (23). Hierarchical clustering revealed
altered phosphorylation levels of peptides across models and
treatments, whereas duplicate samples cluster together (Fig. 3A;
Supplementary Fig. S4B). Phospho-peptide profiles were sub-
jected to KSEA. The pY peptides unveiledmultiplemotifs targeted
by Src and its SH2 domain (Fig. 3B; Supplementary Fig. S4C),
which is linked to cancer progression (28). The pST peptides were
strongly enriched for motifs targeted by ERK1 and ERK2
(aka MAPK3 and MAPK1; Fig. 3C; Supplementary Fig. S4D). To
prioritize changes in the phosphoproteome most likely to link
to CDK4/6 inhibitor resistance, results were compared with
the gene expression data. Intriguingly, KRAS and RAF kinases,
both of which were highly represented in the Oncogenic Signa-
tures from the RNAseq data, regulate ERK1/2 via mitogen-
activated protein kinase kinase, or MEK (29). These data suggest
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Figure 2.

Acquired CDK4/6 inhibitor resistance is associated with rewired transcriptional programs including RB function. A, RNAseq was performed on PDR1/2 and
parental LNCaP cells treated for 24 hours with 0.5 mmol/L PD or vehicle (CTRL). The MA plots (right) represent the log ratio (M) of PDR versus parental
values over the average log intensity (A) of each transcript, which visualizes vast differences between the PDR versus parental data (red dots and inset
numbers indicate significant hits, q value < 0.1). Venn diagrams show overlap between PDR1 and PDR2 of genes >1.5x differentially expressed compared with
the parental cells (q value <0.1; right).B, The complete RNAseq profiles for each PDR versus parentalmodel comparisonwere subjected to unbiased GSEA (MSigDB)
to determine enrichment of predefined oncogenic signatures in both PDR1 and PDR2 compared with parental cells under at least one condition (CTRL/PD) with a
FDR < 0.25 (complete list in Supplementary Fig. S2B). The oncogenic signatures enriched in the PDR models included two signatures defined by RB knockdown,
suggesting the PDR models have upregulated genes that are induced by RB knockdown. Representative GSEA plots of the RB knockdown signatures are
shown for PDR2 versus WT after PD treatment. C, GSEA oncogenic signature altered kinase signatures in the LNCaP PDR models for all conditions.
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that kinase-signaling cascades play an important role in acquired
CDK4/6 inhibitor resistance in these models. Moreover, the
MAPK pathway is targetable with clinically tested pharmacologic

agents, such as MEK inhibitors that are already FDA approved for
some cancers (e.g., melanoma; ref. 29), nominating this pathway
for further study. Together, these data indicate that acquired
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Figure 3.

Integrative transcriptome and kinome profiling identifies differential MAPK stimulus as a hallmark of CDK4/6 inhibitor resistance. A, LNCaP PDR and
parental cells were treated for 24 hours with 0.5 mmol/L PD or control, snap frozen, and lysed. After peptide digestion, pY peptides were immunoprecipitated,
whereas pST peptides remained in the upper fraction (see schematic, more details in Materials and Methods). Duplicates of both peptide fractions were
utilized in an unbiased phosphoproteomics approach to identify altered phosphorylation of tyrosine and serine/threonine peptides across PDR models
compared with the parental cells, displayed by hierarchical clustering on the right. B, KSEA defined enriched peptide motifs for phosphorylated Tyrosine (pY) hits
and mapped them to kinases that are most likely to target these motifs. This revealed enrichment for Src and Src Homology (SH2) domain target motifs in
PDR1/2 compared with parental cells (P¼ 0.2). C, KSEA analysis for pST hits showed enrichment for altered phosphorylation of MAPK3 and MAPK1 (ERK1/2) target
motifs (P ¼ 0.05), indicative of differential MAPK signaling.
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resistance to CDK4/6 inhibitors was associated with induced
MAPK pathway activity.

Activated ERK is associated with aggressive phenotypes
As described above, oncogenic signatures representative of

alteredKRAS andRAF signalingwere highly enriched as a function
of acquired CDK4/6 inhibitor resistance. KRAS acts upstream of
RAF family kinases, regulating their activity, and in turn, the RAF
family kinases directly activate ERK1/2 kinases through phos-
phorylation (29). Indeed, although overall ERK1/2 levels were
unchanged, ERK1/2 kinases were hyperphosphorylated in the
resistance models (Fig. 4A; Supplementary Fig. S5A), which
would explain the observation that ERK1/2 motifs are differen-
tially phosphorylated in the phosphoproteomics analysis.
Although canonical MAPK-activating growth factor receptors
(EGFR and FGFR families; ref. 30)) displayed no consensus in
differential expression, EGF transcripts were consistently upregu-
lated in the PDRmodels, which was associated with altered EGFR
activity in the phosphoproteomic data (Fig. 3B; Supplementary
Fig. S4C). Elevated EGF protein levels were confirmed viaWestern
blotting, which likely causes MAPK activation in these models
(Fig. 4B; Supplementary Fig. S5B). Combined, these data strongly
suggest that acquired CDK4/6 inhibitor resistance results in
increased EGF production, leading to hyperactivation of the
MAPK pathway.

As activated MAPK signaling is known to induce proliferation
via induction of D-type cyclins and prevent apoptosis, and thus
can drive cancer progression (29, 31–33), the PDR models were
further characterized biologically. Baseline growth (off PD selec-
tion) was compared with the parental cells, demonstrating an
almost 3-fold higher growth rate for the LNCaP-derived models
(Fig. 4C; no growth difference was observed for LAPC4 cells, data
not shown). Transwell chemotaxis assays from 0% to 20% serum
conditions revealed an increased migratory capacity and
enhanced invasion in the PDR models (Fig. 4D; Supplementary
Fig. S5C). Consonantly, transcriptome data revealed enrichment
of the GSEA hallmark for epithelial–mesenchymal transition
(EMT) in the PDR lines (Supplementary Figs. S2D and S3E),
which could underlie the aggressive, migratory, and invasive
characteristics these models have obtained upon acquiring PD
resistance. To assess clonogenic growth capacity, cells were sus-
pended at low density in agar-containing culture media and
incubated for 3 weeks to allow colony formation. HRAS-
transformed mouse adult fibroblasts (MAF cells) served as a
positive control due to previously described capacity to grow
three-dimensional (3D) colonies (34). Representative images of
culture wells for each cell line are shown in Fig. 4E (left). To utilize
anunbiased approach for colony formation analyses, amacrowas
developed for FIJI (ImageJ), which counts total colonies per well
andmeasures the pixel size of each colony. Although there was no
significant difference in total colonies formed by the LN-PDR or
parental LNCaP cells (Supplementary Fig. S5D; note that LAPC4
and derivatives did not form colonies after >1 month), median
colony sizes in the LN-PDR1 and LN-PDR2 models were signif-
icantly larger than the parental cells (P¼ 0.0008 and P¼ 0.0001,
respectively, one-way ANOVA; Fig. 4E, right). Combined, these
findings reveal that acquired resistance to CDK4/6 inhibitors is
associated with phenotypes linked to aggressive tumor behavior.

To challenge these concepts in vivo, cells were injected s.c. on the
flanks of athymic nude mice (n ¼ 6 per group) and monitored
over time for tumor take. Strikingly, the PDR models reached a

50% tumor take after only 13 to 14 days, whereas the first parental
tumor formed after 20 days, and a 50% tumor take was not
reached until 47 days after injection. Moreover, 100% of themice
injected with PDR cells formed palpable tumors, compared with
only 67% in the parental model (Fig. 4F). Combined, acquired
CDK4/6 inhibitor resistance is associatedwith hyperproliferation,
enhanced migration and invasion, enlarged colonies, and accel-
erated, more efficient in vivo tumor take, thus promoting aggres-
sive tumor phenotypes.

Acquired CDK4/6i resistance leads to dependence on MAPK
signaling

With clinical trials testing an MEK inhibitor already underway
for prostate adenocarcinoma (trametinib: NCT01990196,
NCT02881242), and the observation that the direct downstream
targets of MEK (i.e., ERK1/2) are hyperactivated upon CDK4/6
inhibitor resistance, the PDR models were assessed for sensitiza-
tion to MEK inhibition. Cells treated overnight with a preclinical
MEK inhibitor (U0126) showed reduction in phosphorylation of
ERK1/2, the primary target proteins for MEK kinases (Fig. 5A;
Supplementary Fig. S6A). To assess sensitivity to MEK inhibition,
cells were treated for 6 days with U0126, and quantified via
Trypan blue exclusion, demonstrating that the CDK4/6 inhibi-
tor–resistant cells are sensitized to MEK inhibition (Fig. 5B;
Supplementary Fig. S6B). In addition, MEK inhibition reduced
the invasion capacity of the PDR lines, whereas the parental cells
were unresponsive (Fig. 5C). The MEK inhibitor hampered the
clonogenic capacity in the PDRmodels, reducing not only the size
of the colonies, but also total numbers of colonies formed,
whereas the parental cells were not affected (Fig. 5D). Combining
MEK and CDK4/6 inhibitors resulted in a cooperative effect
(Fig. 5E). Sensitization to MEK inhibition was validated in vivo
(Fig. 5F), whereinmice with palpable xenograft tumors received a
diet laced with trametinib (6.7 mg/kg AIN-76A diet) or control
diet (AIN-76A). These data demonstrated that tumor growth of
the CDK4/6 inhibitor–resistant models was reduced, whereas
parental tumors were unresponsive. Together, these findings
suggest that activation of the MAPK pathway promotes not only
the cell growth in the PDR models, but also the more aggressive,
invasive phenotypes observed. In addition, the CDK4/6i-resistant
cells appear to have become more reliant on MAPK signaling and
as such are sensitized to MEK inhibition.

Although KRAS-activating mutations are not commonly
observed in prostate adenocarcinoma, the MAPK pathway can
be activated via other mechanisms, such as RAF fusions and
overexpression (35). To investigate the clinical relevance of
potential MAPK activation in prostate cancer, human primary
prostate adenocarcinoma [The Cancer Genome Atlas (TCGA);
ref. 36] and metastatic CRPC (SU2C/PCF; ref. 10) datasets were
interrogated for alterations of the following components of the
MAPK signaling pathway (Fig. 6A and B): RAS family (KRAS,
HRAS, NRAS), RAF family (c-RAF/RAF1, ARAF, BRAF), MEK
family (MAP2K1, MAP2K2), and ERK1/2 (or MAPK3 and
MAPK1). The primary prostate adenocarcinoma dataset dis-
played alterations (mutations, CNA, mRNA z-score:2.0) in any
of these kinases in 38% of all patients, the majority of which
were mRNA upregulation (Fig. 6A and B; Supplementary
Fig. S7). The frequency of MAPK-related upregulation was
confirmed in the metastatic CRPC cohort, in which 47% pre-
sented with alterations, including RAF amplifications and gene
fusions that may lead to MAPK activation. Interestingly, RAF
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alterations are more common than RAS perturbations in
either cohort (Fig. 6B). Taken together, data herein suggest
that acquired CDK4/6 inhibitor resistance is associated with
reduced RB expression and loss of function, and this coincides

with MAPK activation that may bypass CDK4/6-RB signaling to
induce phenotypes of aggressive features and metastasis; how-
ever, this dependence confers sensitivity to MEK inhibitors that
may be exploited therapeutically.
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Acquired CDK4/6 inhibitor resistance promotes aggressive phenotypes. A, LNCaP PDR and parental cells were treated for 24 hours with 0.5 mmol/L PD or
CTRL, lysed, and immunoblotted for phospho-ERK1/2 (P-ERK1/2) and total ERK1/2 (t-ERK1/2). Results show hyperphosphorylation of ERK1/2 in the PDR lines
compared with parental cells, whereas total protein levels are unchanged across the different models and conditions. These data indicate that the MAPK
pathway is activated in the PDRmodels. B, EGF transcript level fold changes of LNCaP PDR1/2 relative to parental from RNAseq data (top, �q value < 0.1; error bars:
standard error) show elevated EGF mRNA, resulting in increased EGF protein expression via Western blotting (bottom, numbers represent EGF quantification
normalized to GAPDH, relative to parental CTRL). C, A time course experiment to assess cell proliferation via Trypan blue exclusion revealed that the PDR cells
off PD selection are hyperproliferative compared with parental cells (�significance was determined by a two-way ANOVA analysis performing a multivariate
comparison of mean per time point for PDR vs. parental; P < 0.0001). D, Cells were seeded in 6 replicates in serum-free media in a Fluoroblok transwell migration
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Figure 5.

CDK4/6i-resistantmodels become reliant on activatedMAPK pathway and sensitized toMEK inhibition.A, LNCaP cellswere treated for 24 hourswith 0.5 or 1mmol/L
MEK inhibitor (U0126) or CTRL and immunoblotted for p-ERK1/2, demonstrating loss of the hyperphosphorylation of ERK1/2 observed in the LNCaP PDR
models when MEK is inhibited, confirming that the MAPK pathway is activated in the PDR models. MEK inhibition does not affect RB hyperphosphorylation (upper
band tRB) or CDK4 phosphorylation, indicating a bypass of the RB cell-cycle checkpoint. B, Cell counting via Trypan blue exclusion after 6 days of 0.5 or 1 mmol/L
U0126 treatment reveals that the PDR models are sensitized to MEK inhibition (�significant difference compared with corresponding treatment in parental cells).
C, Invasion of PDR cells, but not parental cells, through matrigel in a Fluoroblok transwell system decreases with an MEK inhibitor (� , P < 0.05 vs. parental).
D, Clonogenic assay shows reduction in both size (center) and total numbers of colonies (right) formed by the PDR models, whereas the parental cells are
unresponsive to MEK inhibition (0.5 mmol/L U0128). E, Cell counting with escalating doses of U0126 (0–0.5 mmol/L, t ¼ 6 days) shows a cooperative effect
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Discussion
CDK4/6 inhibitors have shown clinical benefit in multiple

tumor types, including breast cancer; however, these agents are
unlikely to provide a durable cure, and development of resistance
is anticipated. Studies herein developed preclinical models of
CDK4/6 inhibitor resistance to identify major mechanisms and
consequences of CDK4/6 bypass, wherein: (i) Acquired resistance
to palbociclib resulted in broad CDK4/6 inhibitor resistance; (ii)
Resistance was associated with MAPK activation, which (iii)
conferred aggressive in vitro and in vivo phenotypes; and (iv)
MAPK-activated, CDK4/6 inhibitor–resistant cancer cells are sen-
sitized to MEK inhibitors. In summary, these studies identify
MAPK induction in acquired CDK4/6 inhibitor resistance and
nominate MEK inhibitors as a means to either prevent or treat
CDK4/6 inhibitor–resistant cancer.

Several previous reports have approached CDK4/6 inhibitor
resistance in various cancers fromdifferent perspectives, including
clinical correlations with genetic alterations (6), correlation of RB
loss-of-function gene signature (37), and an siRNA screen iden-
tifying PDK1 by targeting the whole kinome (7), which was not
observed in the current study. To date, few studies have reported
on acquired resistance modeling (8, 26, 31, 38), which largely
focused on genomic alterations, gene amplifications, or deletions
that could lead toCDK4/6 inhibitor resistance (includingRB1 loss
and other aberrations in the CDK4/6-RB pathway). Although the
observed genetic alterations are poised to affect CDK4/6 inhibitor
efficacy, these may not reflect the molecular underpinnings of
disease progression in patients that initially respond. Data herein
suggest that cancer cells acquired resistance through aberrant
inactivation of retained (albeit reduced) RB protein, likely via
rewiring of the kinome tobypassCDK4/6 inhibition. Inductionof
the MAPK pathway was observed in CDK4/6 inhibitor resistance,
determinedby comparing phosphoproteomic and transcriptomic
data and selecting alterations observed across PDR models.
Although genomic and functional RB losses are associated with
poor cancer outcomes (39) and progression to castration resis-
tance in the context of prostate adenocarcinoma (11, 12, 40), the
role for MAPK signaling in regulation of RB remains somewhat
elusive.MAPK controls expression and function of D-type cyclins,
and CDK4/6 requires direct binding to D-type cyclins to exert
kinase function and phosphorylate RB; therefore, it could be
speculated that the observed elevated MAPK signaling bypasses
CDK4/6 inhibitors via cyclin D (Fig. 6C). Cyclin D1 elevation
has been linked to early adaptation to palbociclib in breast
cancer models, where it induced a noncanonical cyclin
D1/CDK2 complex that restored RB phosphorylation under
CDK4/6 inhibition (8). However, the CDK4/6 inhibitor–
resistant models presented herein displayed no change in cyclin
D1 levels (data not shown), and MEK inhibition did not affect
hyperphosphorylation of RB (Fig. 5A; Supplementary Fig. S6A),
demonstrating that MAPK activation does not mediate CDK4/6
inhibitor resistance directly, but likely presents a kinome
bypass to promote tumor progression. Some studies have
demonstrated intrinsic insensitivity to CDK4/6 inhibitors
in cancer models with MAPK-activating mutations (41).
Whole-exome sequencing revealed no reproducible alterations
(data not shown), and none had relevance to MAPK signaling.
Taken together, nongenomic MAPK activation, e.g., through
upregulation of EGF observed in these models, likely mediates
acquired resistance.

MAPK was identified as a major factor in kinome rewiring
upon acquired CDK4/6 inhibitor resistance and associated with
aggressive tumor phenotypes in vitro and in vivo. Activated
MAPK signaling has been previously shown to promote pro-
metastatic signaling and EMT (42). Invasion was attributed to
ATF-2–mediated MMP-2 activation across various cancer mod-
els, including prostate (43). Moreover, MAPK activation has
been associated with advanced stages of solid tumors (e.g.
prostate, breast, lung; ref. 43), and therefore, it is not surprising
that the PDR models displayed more aggressive phenotypes
than the parental cells; thus, it is crucial to identify vulner-
abilities of disease that progresses on CDK4/6 inhibitors and to
develop alternative treatment regimens. Strikingly, activation of
the MAPK pathway sensitized the CDK4/6 inhibitor–resistant
cells to MEK inhibition, providing new rationale for testing
MEK inhibitors in advanced prostate and other cancers that do
not necessarily activate MAPK via classical KRAS mutations or
RAF fusions. Moreover, phospho-ERK1/2, indicative of MAPK
activity, can be determined via immunolabeling in clinical
specimens from clinical trials (NCT02881242). It would be of
interest to explore phospho-ERK1/2 as a clinical biomarker for
resistance to CDK4/6 inhibitors. Alternatively, CDKs and
MAPKs are known to form complex kinase networks that
interact and regulate cellular processes involved in cell growth
and death (27), and thus targeting these two nodes of the
kinome would provide a novel opportunity for therapeutic
intervention that could extend CDK4/6 inhibitor response or
potentially prevent resistance altogether. These drug combina-
tions are demonstrated to synergize in models of colorectal
cancer (33), neuroblastoma (41), and even in MEK inhibitor–
resistant melanoma models (32, 44). BRAF inhibitor–
resistant melanoma may still respond to CDK4/6 inhibitors
combined with mTOR inhibitors (45). One activated RAS
melanoma study shows MEK and CDK4/6 inhibitors target
complementary downstream networks inducing apoptosis and
cell-cycle arrest, causing in vivo tumor regression (46). KRAS-
mutant non–small cell lung cancer patients showed improved
progression-free survival on palbociclib and an MEK inhibitor
(PD-0325901; ref. 47). Considering the cooperative effect of a
CDK4/6 and MEK inhibitor observed in the PDR models, these
combinations merit prioritization for further preclinical cancer
studies with the potential for future clinical trial development,
either upfront to delay onset of CDK4/6 inhibitor resistance or
when cancer progresses. As trametinib has already entered
clinical trials in prostate adenocarcinoma (NCT02881242) and
has been FDA-approved for melanoma (44), its clinical appli-
cation could be considered in the context of CDK4/6 inhibitor
resistance.

Clinically, MEK inhibitors are likely to be combined with AR
signaling–targeted therapeutics (e.g., enzalutamide). Interest-
ingly, the PDR models herein display a de-enrichment of the
androgen response hallmark signature, suggesting a reduced
reliance on AR, which could result in castration resistance.
Therefore, it is paramount to assess whether acquired CDK4/6
inhibitor resistance can lead to enzalutamide resistance,
and whether this can be circumvented with the addition of
an MEK inhibitor, to define optimal strategies for clinical
implementation.

Although induction ofMAPK signaling, associated with aggres-
sive phenotypes, was commonly observed across thePDRmodels,
this does not rule out that other kinases identified in either of the
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RNAseq and phosphoproteomics datasets may contribute to the
development of resistance and cancer progression. Notably, Src
motifs were highly enriched in the phosphoproteomic data alone,
yet Src kinase is known to impinge on cyclin D/CDK4, and is an
actionable target for which clinical agents (i.e., dasatinib) have
already been developed (28). Although dasatinib in combination
with abiraterone did not improve progression-free survival in
metastatic CRPC (48), itmerits further preclinical investigation in
the context of CDK4/6 inhibitor resistance with the potential for
additional therapeutic application.

In summary, the findings presented demonstrate that
acquired CDK4/6 inhibitor resistance resulted in a kinome
rewiring that not only promotes therapeutic resistance, but
also confers aggressive phenotypes associated with tumor cell
proliferation and invasion. Mechanistic investigation identified
a reliance on MAPK activation and therefore nominates the
MAPK signaling pathway as a potential therapeutic target for
tumors bypassing CDK4/6 inhibition. These collective observa-
tions not only provide insight into the molecular underpin-
nings of acquired resistance to cell-cycle–targeted therapies, but
also provide the basis for the next line of preclinical investi-
gation and a rationale to develop novel combinatorial or
sequential therapeutic strategies in the clinic.
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Abstract: Moringa oleifera Lam. (M. oleifera), which belongs to the Moringaceae family, is a perennial
deciduous tropical tree, and native to the south of the Himalayan Mountains in northern
India. M. oleifera is rich in proteins, vitamin A, minerals, essential amino acids, antioxidants,
and flavonoids, as well as isothiocyanates. The extracts from M. oleifera exhibit multiple nutraceutical
or pharmacological functions including anti-inflammatory, antioxidant, anti-cancer, hepatoprotective,
neuroprotective, hypoglycemic, and blood lipid-reducing functions. The beneficial functions of
M. oleifera are strongly associated with its phytochemicals such as flavonoids or isothiocyanates
with bioactivity. In this review, we summarize the research progress related to the bioactivity
and pharmacological mechanisms of M. oleifera in the prevention and treatment of a series of
chronic diseases—including inflammatory diseases, neuro-dysfunctional diseases, diabetes, and
cancers—which will provide a reference for its potential application in the prevention and treatment
of chronic diseases or health promotion.

Keywords: Moringa oleifera; pharmacological potential; chronic disease; flavonoids; cancer; metabolism

1. Introduction

Moringa oleifera Lam. (M. oleifera) is a cruciferous plant that belongs to the Moringaceae
family. M. oleifera is commonly called horseradish tree or drumstick tree by locals and is a popular
staple in different parts of the world. M. oleifera is consumed not only for its nutritional values
but also its medical benefits [1]. M. oleifera leaves are rich in beta-carotene, vitamin C, vitamin E,
and polyphenols and are a good source of natural antioxidants [2]. Currently, M. oleifera is
reported to enhance a broad range of biological functions including anti-inflammatory, anti-cancer,
hepatoprotective, and neuroprotective functions [1,3,4]. In addition, many studies have revealed its
therapeutic value including anti-diabetes, anti-rheumatoid arthritis, anti-atherosclerosis, anti-infertility,
pain relief, anti-depression, and diuretic and thyroid regulation [5,6]. Due to these reported functions,
the bioactivity of M. oleifera has gained tremendous attention over the last decade, thereby leading
to the increasing exploration and understanding of its pharmacological functions and underlying
mechanisms. In this review, we summarize current research progress related to its nutraceutical or
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pharmacological functions and corresponding mechanism of action, as well as potential benefits for
human health.

2. Antimicrobial Activity

A series of investigations have been conducted to evaluate the antimicrobial activity of Moringa
species with the reports that the extracts from different parts of the M. oleifera plant—including
seeds, stem bark, leaves, and root bark—can exert antimicrobial potential [7–12]. For example,
the water-soluble lectin isolated from the extract of M. oleifera seeds has inhibitory effects on the
growth, survival, and cell permeability of multiple species of pathological bacteria [9]. In addition,
the extract of M. oleifera roots are reported to contain an active antibiotic pterygospermin that has
powerful antibacterial and fungicidal effects [12]. The aglycone of deoxy-niazimicine isolated from
the chloroform fraction of an ethanol extract of M. oleifera root bark is found to be responsible for
antibacterial and antifungal activities [10], while the juice from the stem bark exhibits an antibacterial
effect against Staphylococcus aureus [8]. The aqueous and ethanolic extracts from the leaves of M. oleifera
have promising anti-bacterial properties, with strong inhibitory effects on Gram-positive species
(Staphylococcus aureus and Enterococcus faecalis) over Gram-negative species (Escherichia coli, Salmonella,
Pseudomonas aeruginosa, Vibrio parahaemolyticus, and Aeromonas caviae) [11]. In addition, the ethanol
extract from leaves of M. oleifera has demonstrated the highest mean inhibitory zone against the growth
of both S. aureus and Streptococcus mutants during the comparison between experimental toothpaste
containing the extract from different parts of the M. oleifera plant versus mouthwash solutions [10].

3. Anti-Inflammation

Inflammation is a physiological response to protect the body against infection and restore
tissue injury [13]. However, long-term chronic inflammation may lead to the development of
chronic inflammation-associated diseases and disorders such as diabetes, cancer, autoimmune
diseases, cardiovascular diseases, sepsis, colitis, and arthritis [14,15]. Inflammatory cytokines such
as interleukin-1 beta (IL-1β) and tumor necrosis factor alpha (TNF-α) can upregulate the production
of nitric oxide (NO) and prostaglandin E2 (PGE-2), thus stimulating the expression or enhancing
the activity of inducible NO synthase (iNOS), cyclooxygenase-2 (COX-2), and microsomal PGE
synthase-1 (mPGES-1) in target cells [16]. M. oleifera has been reported to not only decrease the
production of TNF-α, IL-6, and IL-8 in response to both lipopolysaccharide (LPS) and cigarette
smoke extract (CSE)-stimulated human monocyte-derived macrophages (MDM), but also inhibit the
expression of RelA, a gene in nuclear factor-kappa B (NF-κB) p65 signaling during inflammation [17].
Moreover, in acetic acid-induced acute colitis rat models, oral administration of hydro-alcoholic
extract from M. oleifera seeds (MSHE) at three increasing doses (50, 100, and 200 mg/kg) can reduce
distal colon weight as a marker of inflammation and tissue edema, ulcer and mucosal inflammation
severity, crypt damage, invasion involvement, total colitis index, and myeloperoxidase (MPO) activity
when compared with the untreated groups [18]. So it can be considered as an alternative remedy
for inflammatory bowel disease (IBD) and/or the preventive strategy of its recurrence in acetic
acid-induced acute colitis rat models. Furthermore, previous studies have documented that M. oleifera
can selectively inhibit the production of iNOS and COX-2 and significantly inhibit the secretion of NO
and other inflammatory markers—including PGE-2, TNF-α, IL-6, and IL-1β—in lipopolysaccharide
(LPS)-induced RAW264.7 cells. Meanwhile, it can induce the production of IL-10 in LPS-stimulated
macrophages in a dose-dependent manner, thereby contributing to the suppression of NF-κB signaling
pathway [19,20]. The novel bioactive phenolic glycosides 4-[(2-O-acetyl-α-L-rhamnosyloxy)benzyl]
isothiocyanate (RBITC) from M. oleifera inhibited expression of COX-2 and iNOS at both the protein
and mRNA levels through inhibiting major upstream signaling pathways mitogen-activated protein
kinases (MAPKs) and NF-κB [21]. In vivo, an isothiocyanate-enriched M. oleifera seed extract (MSE)
has shown a reduction in carrageenan-induced rat paw edema, which is comparable to aspirin. In vitro,
its major isothiocyanate (MIC-1) at the dose of 5 µM can significantly reduce inflammatory cytokines.
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Further, MIC-1 at a dose of 10 µM can also have stronger effects, when compared to curcumin,
on upregulating nuclear factor (erythroid-derived 2)-like 2 (Nrf2) target genes NAD(P)H: quinone
oxidoreductase 1 (NQO1), glutathione S-transferase pi 1 (GSTP1), and heme oxygenase 1 (HO-1) [22].

Finally, in a clinical study of 15 patients with urinary tract infection, Maurya and Singh observed
that 66.67% of patients were completely cured of their symptoms after a three-week treatment with
M. oleifera bark extract, while 13.33% reported moderate relief from their symptoms, 13.33% of patients
had no symptom change, and 6.67% relapsed in the trial group. However, in the control group,
46.67% of patients were cured, 26.66% of patients were relieved from their symptoms, 6.67% of patients
had no symptom change, and 20% relapsed [23]. This study suggests M. oleifera bark extract is effective
on most of the cardinal symptoms of urinary tract infection. These findings further support the
traditional application of M. oleifera as an effective treatment for inflammation. The corresponding
molecular mechanisms are summarized in Figure 1.
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Figure 1. The anti-inflammatory mechanisms of M. oleifera. Schematic diagram illustrating the
signaling pathways involved in the inhibitory effect of M. oleifera on proteins associated with
LPS-induced inflammation summarized from a series of previous studies [17,19–22]. Toll-like receptor 4,
TLR4; Nicotinamide adenine dinucleotide phosphate, NADPH; Inhibitor of kappa B, IκB; Kelch-like
erythroid cell-derived protein with cap’n’collar (CNC) homology (ECH)-associated protein 1, KEAP1.
Lipopolysaccharide, LPS; mitogen-activated protein kinases, MAPKs; c-Jun N-terminal kinase, p-JNK;
extracellular signal-related kinase, ERK; nuclear factor (erythroid-derived 2)-like 2, Nrf2; nuclear
factor-kappa B, NF-κB; inducible NO synthase: iNOS; cyclooxygenase-2, COX-2; tumor necrosis
factor alpha, TNF-α; interleukin-1 beta, IL-β; interleukin-6, IL-6; quinone oxidoreductase 1, NQO1;
heme oxygenase 1, HO-1.

4. Antioxidant and Hepatoprotective Effects

Usually, natural compounds rich in polyphenols have strong antioxidant properties and
can decrease oxidative damage in tissues by scavenging free radical [24–26]. The methanol
extract of M. oleifera leaves contains chlorogenic acid, rutin, quercetin glucoside, and kaempferol
rhamnoglucoside, whereas in the root and stem barks, several procyanidin peaks are detected [27].
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Similarly, the Moringa genus has high antioxidant activity mainly due to its high content of bioactive
polyphenols [28,29]. Fortunately, as a medicinal plant, M. oleifera extracts from both mature and tender
leaves exhibit strong antioxidant activity against free radicals and prevent oxidative damage due to
the enrichment of polyphenols [29].

Lipid peroxidation (LPO) plays an important role in the metabolism of the body, which can lead
to cell lesion and nerve damage if internal and external balances are broken. In a radiation-induced
Swiss albino mouse model with oxidative stress, the pre-treatment with M. oleifera leaf extract for
15 consecutive days can effectively restore glutathione (GSH) level and prevent lipid peroxidation
in liver [30,31]. This protective effect may be related to a variety of phytochemicals such as ascorbic
acid and phenols (catechin, epicatechin, ferulic acid, ellagic acid, and myricetin) through scavenging
radiation-induced free radicals. Moreover, in an acute paracetamol (PCM)-induced hepatotoxicity
model, the pre-administration of the hydro-ethanolic extract of M. oleifera before oral administration
of PCM at the dose of 3 g/kg to male Sprague Dawley rats results in a significant reduction of
lipid peroxidation; interestingly, the levels of glutathione-S transferase (GST), glutathione peroxidase
(GPx), and glutathione reductase (GR) are restored to the normal levels in the group subjected to
the pre-administration of M. oleifera extract [32]. These results are equivalent to the positive control
silymarin (200 mg/kg; p.o.) and exhibits similar results to other research teams [33,34]. Furthermore,
daily oral post-treatment with M. oleifera leaf extract (100, 200, and 400 mg/kg body weight) of the rats
with carbon tetrachloride (CCl4)-induced lipid peroxidation and hepatic damage for 60 consecutive
days can protect CCl4-induced hepatotoxicity, which may be due to the presence of total phenols
and flavonoids in the extract and/or the purified compounds such as β-sitosterol, quercetin and
kaempferol [35]. Similarly, previous finding has also demonstrated that the post-treatment of M. oleifera
leaf extract for consecutive 28 days can protect from cadmium-induced hepatotoxicity of the rats
through suppressing the elevated alkaline phosphatase (ALP), glutamic oxaloacetic transaminase
(aspartate aminotransferase, AST), glutamic pyruvic transaminase (alanine aminotransferase, ALT),
and LPO levels and increasing superoxide dismutase (SOD) level [36]. Furthermore, the oral
administration of M. oleifera extract also reveals a significant protective action to the liver damage
induced by anti-tubercular drug such as isoniazid (INH), rifampicin (RMP), or pyrazinamide (PZA),
as evidenced by the recovered AST, ALT, ALP, and bilirubin levels in serum, as well as the reduced
lipid peroxidation in liver [36]. The extract of M. oleifera leaves can also effectively reduce high-fat-diet
(HFD)-induced liver damage of mice [37]. Compared with the model group, the treatment with the
leaf extract of M. oleifera protects HFD-induced liver damage as indicated by recusing the abnormal
histopathological change and AST, ALT, and ALP activity, and stimulates a significant increase in
endogenous antioxidant parameters [37]. Overall, these data suggest that the extract of M. oleifera has
both preventive and curative functions for liver tissue.

5. Neuroprotective Effect

Dementia—a serious loss of global cognitive capacity including impaired memory, attention,
language, and problem-resolving capacity—is a progressive neurodegenerative disorder that is
growing worldwide due to an increased aging population [38]. Alzheimer’s disease (AD) is the most
common cause of dementia that is an irretrievable chronic neurodegenerative disease. ROS-associated
with oxidative stress can induce cell apoptosis through mitochondrial dysfunction, and result in the
damage of lipids, proteins and DNA [39,40]. Previous studies have shown that oxidative stress is
believed to be a primary factor in neurodegenerative diseases including AD, Parkinson’s disease
(PD) and Huntington’s disease (HD), as well as amyotrophic lateral sclerosis (ALS) [41]. Therefore,
antioxidants have gained extensive attention as promising therapeutic agents for neurodegenerative
diseases. Although many efforts in the discovery of new treatments for AD have been uncovered,
none of the existing treatments have been shown to slow or halt the progression of this disease [42].
Due to the high cost of synthetic anti-dementia drugs and corresponding side effects, natural products
containing flavonoids have gained tremendous interest as candidates for the prevention and/or
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treatment of neurodegenerative disorders [39,42]. The extract from the leaves of M. oleifera are
thought to exhibit both antioxidant activity and nootropic effects. Indeed, the alcoholic extract
of M. oleifera leaves can combat oxidative stress in a rat model with AD induced by colchicines [43].
In 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced sub-acute PD mouse model, the
pre-treatment with isothiocyanate isolated from the extract of M. oleifera seeds for one week not only
modulated the signal pathway for inflammation, but also regulated the signaling pathways associated
with oxidative stress and apoptosis. The efficacy of M. oleifera in countering inflammatory signal
pathway has been corroborated by in vitro results, which can be used in clinical practice as a useful
drug for the prevention or treatment of PD [44].

M. oleifera has been shown to stimulate neuronal outgrowth and survival under harsh treatment
conditions [45,46]. For example, a concentration of 30 µg/mL ethanol extract from the leaves
of M. oleifera can promote the outgrowth of neurites and neuronal differentiation from primary
embryonic neurons in a concentration-dependent manner [45]. Similarly, M. oleifera leaf extract has
been observed to increase the number and length of dendrites and axonal branches, the length of
axons, and eventually facilitate synaptogenesis [45]. Previous studies have also demonstrated that
M. oleifera leaf extract can successfully improve spatial memory and neurodegeneration in cornu
ammonis 1 (CA1), CA2, and CA3 regions, and dentate gyrus of hippocampal tissues [46]. Mechanically,
it can also decrease malondialdehyde (MDA) levels and acetylcholinesterase (AChE) activity, but can
increase SOD and catalase (CAT) activity. In addition, compared with the aluminum-alone group,
the administration of M. oleifera leaf extract at the dose of 300 mg/kg for 28 consecutive days in
rats with aluminum chloride-induced temporal cortical degeneration protected against aluminum
chloride-induced neurotoxicity of the temporal cortex of rats by decreasing the expression of neuron
specific enolase (NSE) and glial fibrillary acidic protein (GFAP) [47].

As more people struggle with depression, a serious health problem in most countries, the need for
efficient intervention or treatment options is paramount. Because of the side effects of anti-depressants
during long-term application, the discovery of safer anti-depressant herbal remedies is necessary.
M. oleifera is a potential remedy for treating nervous system disorders acting as a memory-enhancing
agent. A previous study [48] in standardized mouse models with depression confirmed that the
anti-depressant effect of the alcoholic extract from M. oleifera leaves may be invoked through the
noradrenergic-serotonergic neurotransmission pathway after administrating M. oleifera extract at the
daily dose of 200 mg/kg coupled with fluoxetine at the daily dose of 10 mg/kg for 14 consecutive days.
This suggests that the combinatorial administration of M. oleifera and fluoxetine or other selective
serotonin reuptake inhibitor (SSRI) drugs seems to have promising potential.

6. Anticancer Property of M. oleifera

Cancer is the second leading cause of death in the United States and a prominent cause of death
worldwide [49]. Effective therapeutic approaches have been adopted to treat various types of cancers,
however, resistance and/or toxicity creates the need for more effective treatment options.

Several epidemiological studies have established a negative correlation between consumption of
cruciferous vegetables and risk of breast, lung, and colon cancer [50,51]. M. oleifera leaf and bark
extracts have been shown to effectively inhibit the growth of breast, pancreatic, and colorectal
cancer cells [52,53]. Gas chromatography-mass spectroscopy (GC-MS) analysis by Alsamari and
colleagues documented 12 different compounds in M. oleifera extract, 3 of which may have anticancer
properties [52]. Isothiocyanates, which have been described as a potent anticancer compound, occur
naturally in its precursor form, glucosinolates, in an intact plant. Glucosinolates are hydrolyzed in
a reaction catalyzed by the enzyme myrosinase to produce isothiocyanate when the intact plant is
disrupted [54].

Isothiocyanates have been extensively studied for their anticancer properties. Xiao et al.
have reported that allyl isothiocyanates (AITC) inhibits the growth of androgen independent (PC-3)
and androgen dependent (LNCaP) human prostate cancer cells [55]. This study also established
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a correlation between the inhibition of growth of PC-3 cells in the presence of AITC and gap2/mitosis
(G2/M) cell accumulation coupled with apoptosis. Reduction in the protein levels of cyclin-dependent
kinase 1 (CDK1), cell division cycle protein 25B (CDC25B), and CDC25C was observed after treating
PC-3 and LNCaP cells with AITC for 24 h. Boreddy and colleagues treated mice with BxPC-3 tumor
xenografts with benzyl isothiocyanates (BITC) and observed a 43% reduction in tumor growth. This
study also showed a reduction in phosphorylation of phosphatidylinositide 3-kinase (PI3K), protein
kinase B (AKT), pyruvate dehydrogenase kinase (PDK), forkhead box O3A (FOXO3A), FOXO1,
and mammalian target of rapamycin (mTOR) in response to treatment with BITC. Phenyethyl
isothiocyanates (PEITC) have been shown to reduce cancer growth by inhibiting AKT [56].

While studies involving moringa isothiocyanates are limited, several studies with other
isothiocyanates, along with our preliminary studies in vitro with moringa isothiocyanates, suggest
that this compound may open new frontiers in cancer therapeutics.

6.1. Regulation of Cell Proliferation

Based on previous studies [52,57], M. oleifera has been confirmed to selectively inhibit the
proliferation of different cell lines including lung cancer A549, human hepatocellular carcinoma
HepG2, breast cancer MDA-MB-231, and colon cancer HCT-8 cells. Notably, the inhibitory rate of
M. oleifera on the growth of neuroblastoma SH-SY5Y cells is up to 95%. In addition, M. oleifera leaf
extract has been reported to have an anti-proliferative effect on KB cells, which is evaluated by cell
morphologic change, cell viability, and internucleosomal DNA fragmentation [58].

6.2. Cell Cycle Arrest and Apoptosis

Apoptosis has been recognized to play an important role in maintaining cellular homeostasis
through selective removal of damaged cells. The ability to induce apoptosis is a major mechanism of
certain anti-tumor drugs. Previous studies have reported that isothiocyanates isolated from M. oleifera
leaf extract are able to induce apoptosis in different cancer cells [58,59]. These studies have also reported
that M. oleifera extract can inhibit the proliferation of cancer cells, but the molecular mechanisms are
still limited. Various signaling pathways or associated mechanisms involved in apoptosis during the
application of M. oleifera are highly correlated with the activation of caspase signaling. The extract
from M. oleifera at different doses can lead to the increase in average sub-G1 populations during
a 6 h administration in A549 lung cancer cells. Meanwhile, caspase-3 is downregulated and cleaved
caspase-3 is upregulated upon the administration of M. oleifera leaf extract in a dose-dependent
manner [60]. In addition, the administration of M. oleifera leaf extract resulted in a time-dependent
increase of phosphor-c-Jun N-terminal kinase (p-JNK) and phosphor-extracellular signal-related kinase
(p-ERK), without changes in total JNK or ERK protein, hinting at the possibility of a pro-apoptotic
role of M. oleifera via activation of these kinases in human melanoma A2058 cells [61]. Interestingly,
in cholangiocarcinoma (CCA), the phosphorylation levels of phospho-p44/42 MAPK (ERK1/2) and
phospho-p38 MAPK increased in M. oleifera seed extract treated RMCCA1 cells, suggesting that the
activity levels of anti- and pro-apoptotic signaling proteins may determine the apoptotic nature of
this compound [62]. The extracts from M. oleifera leaves and bark also effectively arrest cell cycle
progression at the G2/M phase and increase apoptosis in breast and colorectal cancer cell lines such as
MDA-MB-231 and HCT-8 cells, which could be attributed to the bioactive compounds such as eugenol,
isopropyl isothiocynate, D-allose, and hexadeconoic acid ethyl ester [52].

Additionally, the checkpoint failure of cell cycle usually causes genetic mutations and genomic
rearrangements, thereby causing genetic instability as one of the major factors of cancer progression.
Increasing evidence suggests that a variety of anti-cancer agents can induce cell cycle arrest at a certain
checkpoint, thus inducing the apoptosis of cancer cells [63,64]. Jung has also found that cyclin D1 can
be significantly downregulated in M. oleifera aqueous leaf extract-treated cells in a dose-dependent
manner. Moreover, the treatment with M. oleifera leaf extract can induce an elevation in the sub-G1
cell population during cell cycle in a dose-dependent manner in human pancreatic cancer cell line
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(PANC-1 cells) and reduce the expression of p65, p-IkBα, and IkBα proteins [53], which further
supports that M. oleifera leaf extract is a potential phytochemical to target cancer cells through arresting
cell cycle.

6.3. Synergistic Effect on Chemotherapeutic Drugs

Multi-drug resistance (MDR) is one of the major reasons for chemotherapeutic failure. MDR to
chemotherapeutic drugs often leads to reduced treatment efficacy and cancer recurrence [65]. It is
well known that phytochemical compounds have the advantages of low toxicity, weak side effects,
multiple targets, and less tumor resistance as well as anti-tumor and immune-regulatory functions [65].
Therefore, natural compounds with reversed MDR have become the focus of anticancer studies.
Although M. oleifera has not yet developed into a commercial chemopreventive agent, previous
findings have revealed that the chemotherapeutic drug doxorubicin combined with M. oleifera callus
and leaf extracts produces robust synergy on the growth inhibition of HeLa cells, which is also
correlated with apoptotic induction [66]. The application of currently used anticancer drugs combined
with M. oleifera could be a novel therapeutic strategy for cancers.

6.4. Regulating Enzyme Activity

A balance and the induction of Phase I and II drug metabolizing enzymes is a well-known defense
against chemical carcinogens [67]. The loss of GSH and GST activity can be restored by M. oleifera pod
extract, which offers a major protective role in carcinogenesis [67,68]. The hydro-alcoholic drumstick
extract from M. oleifera as a bifunctional inducer can induce both Phase I and Phase II enzymes and
improve the levels of hepatic cytochrome b5, cytochrome P450, and GST [69]. It is also reported that
the antioxidant properties of M. oleifera is closely correlated with its potential as a chemo preventative
agent. In addition, M. oleifera pod extract (200 and 400 mg/kg body weight; p.o.) and its isolated
saponin (50 mg/kg body weight; p.o.) can attenuate 7,12-dimethylbenz[a]anthracene (DMBA)-induced
renal carcinogenesis in mice through effectively suppressing renal oxidative stress and toxicity [70].

Based on the above comprehensive analysis from several angles, M. oleifera may exerts its
anti-tumor effects by modulating multiple signaling pathways, including inducing cell apoptosis,
triggering cell cycle arrest, inhibiting cell proliferation, suppressing angiogenesis and metastasis,
enhancing drug metabolism, and synergizing with chemotherapeutic agents.

7. Modulation of Blood Glucose

Diabetes mellitus (DM) is a chronic metabolic disorder and the pharmacological actions of the
leaves of M. oleifera have been reported for the traditional treatment of diabetes [71]. For example,
M. oleifera has been shown to improve plasma glucose disposal in Goto-Kakizaki (GK) Wistar
DM rats [72]. Similarly, the methanol extract from its fruit powder is rich in N-benzyl thiocarbamates,
N-benzyl carbamates, and benzyl nitriles which can trigger the release of insulin from pancreatic beta
cells of rodents, suppress cyclooxygenase activity, and inhibit lipid peroxidation [73]. M. oleifera has
been found to significantly reduce glucose to normal levels without any obvious cytotoxicity when
compared to the alloxan-induced type 2 diabetic rats from the model group [74]. The supplementation
of the aqueous extract from M. oleifera leaves at the dose of 100 mg/kg can improve insulin sensitivity,
increase total antioxidant capacity (TAC), and improve immune tolerance [75], which is consistent
with another report that M. oleifera can ameliorate glucose intolerance [76]. M. oleifera extract can
also reduce diabetes-related complications. Recent studies have shown that the administration of
M. oleifera leaf extract for six weeks plays a critical role in reducing diabetic complications by protecting
diabetes-induced renal damage and inflammation in a streptozotocin-induced diabetes rat model [77].
In addition, the administration of M. oleifera seed powder can ameliorate diabetic nephropathy and
restore normal histology of both kidney and pancreas when compared with a diabetic positive control
group [78].
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8. Future Perspectives

Autophagy is an evolutionarily conserved process whereby cytoplasm and cellular organelles are
degraded in lysosomes for amino acid and energy recycling, thus executing its cytoprotective role [79].
Basal autophagy plays a critical role in cellular homeostasis. Autophagy can be induced under different
conditions such as nutrient deprivation, endoplasmic reticulum (ER)-stress, and exposure to anticancer
drugs. However, defective or impaired autophagy has been implicated in the pathogenesis of
diverse disease states, including microbial infection, inflammation, neuronal degeneration, aging, and
cancer [80–83]. The induction or upregulation of autophagy appears to decrease the susceptibility to
pro-apoptotic insults, which may have further benefits [84]. Recently, the functional status of autophagy
during chronic disease processes has attracted increasing attention. Notably, the upregulation of
autophagy mediated by a wide range of phytochemicals such as resveratrol, curcumin, and quercetin
can exert anti-inflammatory, anti-tumor and anti-aging effects. More importantly, M. oleifera can be
treated as a nutraceutial product or food because of its safety, which will motivate the exploration of
its potential to activate autophagy for the prevention and treatment of chronic diseases in the future.

9. Conclusions

M. oleifera possesses a wide range of medicinal and therapeutic properties through executing
its potent anti-inflammatory activity, inhibiting the activation of NF-κB and PI3K/Akt pathways,
mitigating oxidative stress by scavenging free radicals, and enhancing neuroprotective roles.
In addition, M. oleifera can reduce the risk of cancer and modulate blood glucose, although the
underlying mechanisms remain to be further explored. Therefore, M. oleifera provides the potential for
the prevention or treatment of a series of chronic diseases.
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Prostate cancer is the most common malignancy in men in the United States. While 
androgen deprivation therapy results in tumor responses initially, there is relapse and 
progression to metastatic castration-resistant prostate cancer. Currently, all prostate 
cancer patients receive essentially the same treatment, and there is a need for clinically 
applicable technologies to provide predictive biomarkers toward personalized therapies. 
Genomic analyses of tumors are used for clinical applications, but with a paucity of obvi-
ous driver mutations in metastatic castration-resistant prostate cancer, other applications, 
such as phosphoproteomics, may complement this approach. Immunohistochemistry 
and reverse phase protein arrays are limited by the availability of reliable antibodies and 
evaluates a preselected number of targets. Mass spectrometry-based phosphopro-
teomics has been used to profile tumors consisting of thousands of phosphopeptides 
from individual patients after surgical resection or at autopsy. However, this approach is 
time consuming, and while a large number of candidate phosphopeptides are obtained 
for evaluation, limitations are reduced reproducibility, sensitivity, and precision. Targeted 
mass spectrometry can help eliminate these limitations and is more cost effective and 
less time consuming making it a practical platform for future clinical testing. In this review, 
we discuss the use of phosphoproteomics in prostate cancer and other clinical cancer 
tissues for target identification, hypothesis testing, and possible patient stratification. We 
highlight the majority of studies that have used phosphoproteomics in prostate cancer 
tissues and cell lines and propose ways forward to apply this approach in basic and 
clinical research. Overall, the implementation of phosphoproteomics via targeted mass 
spectrometry has tremendous potential to aid in the development of more rational, per-
sonalized therapies that will result in increased survival and quality of life enhancement in 
patients suffering from metastatic castration-resistant prostate cancer.

Keywords: clinical trials, kinases, kinase inhibitors, signaling pathways, phosphoproteomics, prostate cancer, 
mass spectrometry, targeted mass spectrometry

CURReNT TReATMeNT LANDSCAPe OF PROSTATe  
CANCeR (PrCa)

The male prostate, as well as early stage PrCa, is dependent on androgens activating the androgen 
receptor (AR) for survival, growth, and proliferation (1). Prostate-specific antigen (PSA) is a serine 
protease that is secreted from the prostate and is transcriptionally regulated by AR. Thus, along with 
digital rectal exams, PSA-based screening is routinely used for early detection of PrCa (Figure 1) 
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FigURe 1 | PrCa progression and the current treatment landscape. Despite the availability of effective treatment for PrCa in its early stages, there are constant 
cycles of regression and recurrence due to therapeutic resistance via bypass mechanisms. Utilizing phosphoproteomics approaches to identify activated kinases in 
late-stage aggressive disease and precisely targeting these kinases with FDA-approved kinase inhibitors, in combination with other standard of care treatment, will 
lead to increased overall survival. ADT, androgen deprivation therapy; AVPC, aggressive variant prostate cancer; FDA, Food and Drug Administration; PrCa, prostate 
cancer; PSA, prostate-specific antigen.
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although the magnitude of benefit from PSA screening continues 
to be debated (2). Biopsies are typically done to confirm PrCa, 
and if diagnosed with clinically significant disease (3), a patient 
most commonly has external beam radiation therapy or radical 
prostatectomy. Adjuvant androgen deprivation with radiation 
or adjuvant radiation after surgery may be administered in 
the setting of tumors with high risk of recurrence. Androgen 
deprivation therapy (ADT) that suppresses testicular function is 
typically first-line therapy for androgen-sensitive PrCa. A small 
additional survival benefit may be seen when first-generation 
oral AR inhibitors such as bicalutamide and flutamide are com-
bined with ADT. Initial positive response to ADT is common 
by evidence of decline PSA levels in 90% of patients (4) and 
duration of response to therapy varies, with 5–10% of patients 
surviving 10 years after initiating ADT (5). In two recent phase 
III clinical trials (STAMPEDE and LATITUDE), hormone naive 
patients with locally advanced or oligometastatic disease starting 
first-line long-term ADT treatment were also given abiraterone 
acetate and prednisone (6, 7). Abiraterone acetate is a potent, 
second-generation inhibitor that blocks androgen synthesis, sig-
nificantly decreasing circulating androgen below levels achieved 
with testicular suppression alone (8). In the STAMPEDE trial, 
inclusion of abiraterone acetate early in the treatment protocol 
resulted in a lower risk of death by 37%. The 3-year survival rate 
was 76% with standard ADT treatment alone and 83% with the 

standard care in combination with abiraterone acetate as well as 
a 14-month failure-free survival advantage (7). The results were 
also verified in a separate LATITUDE trial (6). In another phase 
III clinical trial (CHAARTED), patients with hormone-sensitive 
metastatic PrCa were given docetaxel in combination with first-
line ADT treatment. The median overall survival with combina-
tion treatment was 13.6  months longer than with ADT alone 
(57.6 vs 44  months), nearly identical to the STAMPEDE and 
LATITUDE trials. A decrease in PSA to <0.2 ng/ml at 12 months 
was 27.7% for the combination group compared to 16.8% for the 
ADT only group, and the median time for development of CRPC 
was increased (20.2 vs 11.7  months) (9). The results of these 
exciting clinical trials have prompted earlier use of docetaxel or 
abiraterone acetate plus standard ADT to delay time of metastatic 
castration-resistant PrCa (mCRPC) and ultimately death.

Metastatic castration-resistant PrCa is associated with poor 
prognosis with a mean survival time of 16–18 months (10). The 
US Food and Drug Administration (FDA)-approved therapies 
for mCRPC include chemotherapy agents (docetaxel and 
cabazitaxel), second-generation hormonal therapies (abiraterone 
acetate and enzalutamide), immunotherapy (sipuleucel-T), and 
radium-223. AR point mutations and amplifications have led to 
resistance to first-line ADT treatments, and since AR remains 
active in mCRPC, these patients respond to abiraterone acetate 
and enzalutamide, but with a modest increase in overall survival 
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of 3–4 months (11). A major resistance mechanism to abiraterone 
acetate and enzalutamide involve the presence of AR splice vari-
ants, such as ARv7 (12), possibly explaining the modest overall 
survival benefit of these agents in an unselected population. AR 
splice variants are truncated forms of wild-type AR where the 
ligand-binding domain is lost, activation is ligand independent, 
and these variants are constitutively active (13). It was recently 
shown that ARv7 mRNA detection in circulating tumor cells 
(CTCs) correlated with poor outcomes in patients with mCRPC 
who were treated with abiraterone acetate and enzalutamide 
(14). It is still unclear if AR splice variants are functionally con-
tributing to treatment resistance, but ARv7 has developed into 
an important predictive biomarker for mCRPC patients taking 
either abiraterone acetate or enzalutamide. Another result of 
resistance to prolonged administration of abiraterone acetate and 
enzalutamide is the development of a lethal variant of mCRPC 
termed aggressive variant prostate cancer (AVPC; Figure  1). 
Indeed, AVPC was classified in 15% of mCRPCs prior to the 
approval of abiraterone acetate and enzalutamide; however, this 
population shifted to 31% AVPC post-abiraterone acetate and 
enzalutamide (15). Several great reviews have been written on 
this disease variant (16–18), and recent work has classified AVPC 
into two distinct subtypes: AR-null expressing neuroendocrine 
(NE) differentiation markers and AR-null lacking markers of NE 
differentiation (double negative) (15). AVPC is characterized 
by several clinical and genetic features to include low PSA and 
AR protein expression, loss of retinoblastoma, TP53 mutations, 
overexpression of Aurora kinase A (AURKA), and amplification 
of N-Myc (MYCN) (19–21). Survival is typically less than a 
year with limited treatment options to include platinum-based 
chemotherapy. Based on the recent literature, it is becoming 
apparent that AR-independent pathways such as activated MAPK 
and FGFR kinase pathways are responsible for AVPC develop-
ment and progression. Indeed, several clinical trials investigating 
AR-independent pathways are underway in PrCa including 
agents that target MEK and/or SRC (NCT01990196), AURKA 
(NCT01799278), PI3K/mammalian target of rapamycin (mTOR) 
(NCT02407054), and DNAPK (NCT01353625), although not all 
of these trials focus on AVPC.

PeRSONALiZeD THeRAPieS iN PrCa—
CLiNiCAL eviDeNCe

The treatment landscape of mCRPC and AVPC involve several 
“one-size-fits-all” approaches with no real stratification of patients 
or novel targeted therapies, with a few emerging exceptions. The 
observation that AR amplification and missense mutations are 
observed in nearly 70% of mCRPC cases (22) has led to the clini-
cal paradigm where all patients are essentially treated with some 
form of androgen synthesis or AR function inhibitors. Other 
genetic alterations have been observed at high frequency (ETS 
gene rearrangements, TP53 mutations, and PTEN deletions) in 
mCRPC patients but are not yet predictive for any particular tar-
geted therapy. Recent whole-genome and transcriptome sequenc-
ing efforts have identified several genetic aberrations in mCRPC 
patients at lower frequency to include TP53, RB1, PIK3CA/B, 

BRAF/RAF1, BRCA2, BRCA1, and ATM (22, 23). In another 
study by Barbieri et al., the exomes of over 100 primary prostate 
adenocarcinomas and normal tissue pairs were sequenced and 
led to the identification of new recurrent mutations including 
MED12, FOXA1, and SPOP (24). It was later shown that recurrent 
point mutations in SPOP in PrCa activates the PI3K/AKT/mTOR 
and AR signaling pathways providing functional evidence that 
this mutation may serve as a predictive biomarker to PI3K or 
AKT inhibitors in combination with antiandrogens (25, 26).

Mutations in DNA repair genes (e.g., BRCA2) are observed 
in approximately 10–15% of mCRPC cases (27). In ovarian 
cancer, FDA-approved poly ADP-ribose polymerase inhibi-
tors, olaparib and rucaparib, have been used for the treatment 
of ovarian cancer in patients harboring the BRCA1, BRCA2, 
and other DNA repair gene mutations (28) and were sensitive 
to platinum-based chemotherapies (29). Indeed, recent clinical 
trials suggest that targeting these DNA repair mutations with 
PARP inhibitors may also be beneficial in men with mCRPC. In 
a phase II TOPARP-A trial, treatment with olaparib in patients 
who stopped responding to standard ADT treatment and who 
had aberrations in DNA repair genes (notably BRCA2 and ATM) 
led to a favorable response rate in 88% of patients (30). Response 
included ≥50% reduction in PSA and reduction in CTCs to 
<5 per 7.5 ml of blood. Radiographic progression-free survival 
was longer in biomarker positive patients (median, 9.8 months) 
compared to biomarker negative (median, 2.7 months). Overall 
survival was also extended when compared between these two 
groups (median, 13.8 vs 7.5 months). Based on the data from this 
phase II TOPARP-A trial, olaparib received FDA breakthrough 
therapy designation in January 2016 to treat mCRPC patients 
with BRCA1/2 or ATM mutations who have received prior 
abiraterone acetate or enzalutamide therapy. Another phase II 
study is currently underway evaluating the efficacy of rucaparib 
in patients with mCRPC that harbor mutations in DNA repair 
genes (NCT02952534). In addition, in PTEN-deficient and 
TMPRESS2-ERG expressing PrCa tumor cells, rucaparib addition 
was synergistic when combined with radiation and suggested the 
use of rucaparib to radiosensitize PrCa cells as a useful strategy 
clinically (31). Similarly, other mutations and bypass mechanisms 
may be targeted to re-sensitize resistant cells or make them radio-
sensitive. For example, expression of the transcription factor anti-
programmed death ligand 1 (AP-1) is associated with mCRPC 
and constitutively active AP-1 is dependent on EGFR and PI3K. 
Interestingly, inhibition of PI3K pathway suppresses AP-1 expres-
sion, sensitizing PrCa cells to gamma radiation, suggesting a 
combination of AKT inhibitors with radiation therapy as a novel 
strategy for treatment (32). Importantly, not all mCRPC patients 
with mutations in DNA repair genes will respond to olaparib due 
to secondary mutations that restore wild-type function or other 
activated cell survival pathways (33). Whole exome sequencing 
of circulating cell-free DNA (collected during the TOPARP-A 
trial) suggested that germline and somatic DNA repair mutations 
(BRCA2 and PALB2) reverted back in frame as the mechanism 
behind resistance to olaparib providing a novel platform for 
assessing predictive biomarkers in this patient cohort (28).

Currently, about 20–30% of mCRPC patients resistant to abi-
raterone acetate or enzalutamide may benefit from stratification 
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and targeted therapy trials as described above. However, the 
remaining 70–80% of mCRPC patients are devoid of activating 
mutations in genes that lead to the “smoking gun” hypothesis 
identifying obvious targeted therapy applications based on the 
genomic data alone. As we get better at targeting AR for mCRPC, 
it is becoming clearer that bypass kinase pathways are important 
mediators of treatment resistance in mCRPC and AVPC and 
the development of new tools or utilization of existing ones to 
identify these pathways are becoming necessary. Indeed, future 
clinical therapies may rely on the precise targeting of these select 
kinases in this disease in combination with other agents to pro-
long survival.

TOOLS TO ASSeSS KiNASe SigNALiNg 
PATHwAYS iN CANCeR

Reverse Phase Protein Arrays (RPPAs) and 
immunohistochemistry (iHC)
Antibody-based methodologies for the assessment of signaling 
networks in CRPC (and other cancers) include both IHC (34, 35) 
and RPPA (36, 37). These antibody approaches are amenable to 
use on clinical tissues such as biopsies and do not require special-
ized instruments. However, these assays can be time consuming 
with respect to optimizing staining protocols for each antibody 
(IHC), and only a select few phosphosite-specific antibodies 
are robust enough and are commercially available, limiting the 
analysis to a predefined set of targets. Also, neither approach is 
particularly high throughput as IHC staining typically analyzes 
one protein at a time and RPPA can measure up to a couple 
hundred from a given tissue section or biopsy. Overall, RPPAs 
and IHC-based approaches work very well for detecting known 
and predefined pathways for a given tumor type and to date are 
better with low sample amounts. However, they are not well 
suited for easy customization or discovery-based investigation 
of a large number of cell signaling pathways such as with mass 
spectrometry (MS)-based approaches.

MS-Based Phosphoproteomics
Mass spectrometry is an analytical technique that involves the 
ionization of a molecule and subsequent detection and identifica-
tion of the fragmented ions based on its mass-to-charge (m/z) 
ratio. There are two main MS-based proteomics approaches, 
top–down and bottom–up. The top–down approach involves 
analyzing whole proteins, while the bottom–up method involves 
measuring the peptides from digested proteins. These two 
approaches can be used for either shotgun or targeted platforms. 
In both approaches, the sample analytes are injected and eluted 
from a reverse-phase column, ionized, and sorted based on the 
m/z ratio within the mass spectrometer instrument. The fragment 
and parent masses are used to determine the identity of the ana-
lyte. While MS instruments are expensive, MS does provide the 
advantage of high data collection power and has the customizable 
capability of analyzing small, complex sample amounts with high 
sensitivity, repeatability, and resolution.

Phosphoproteomics is the identification and characteriza-
tion of proteins with phosphorylation as a posttranslational 

modification (PTM). Phosphoproteomics provide insight into 
proteins that are important for regulating essential signaling 
pathways and cellular processes and may lead to new potential 
drug targets. In shotgun phosphoproteomics, protein samples 
are enzymatically digested into peptides and phosphopeptides 
(Figure  2A). Digestion is predominantly performed using 
trypsin because of its high specificity, availability, and ease of 
use. The limitation of the use of trypsin alone in bottom–up 
phosphoproteomics is that a comprehensive view of the full 
phosphoproteome may be compromised as a result of missing 
particular PTM sites, missed cleavages, or too small peptides. 
However, LysC can be used in conjunction with trypsin to reduce 
some missed cleavage events, increasing PTM site coverage. The 
use of alternative proteases such as chymotrypsin, LysN, AspN, 
GluC, and ArgC may also help with limitations of trypsin diges-
tion, but these proteases must be used in separate experimental 
preparations to eliminate the generation of phosphopeptides 
that are too small for MS detection (38). It was initially believed 
that up to 30% of all human proteins may be modified by 
phosphorylation (39). More recent findings indicate that at least 
approximately 75% of the proteome can be phosphorylated (40). 
Phosphoserine and phosphothreonine modifications represent 
approximately 98% of the phosphoproteome (~86 and ~12%, 
respectively), while tyrosine phosphorylation accounts for 
approximately 2% of protein phosphorylation in cells (41). Due 
to the low abundance of phosphopeptides in complex biologi-
cal tissue, enrichment steps such as immobilized metal affinity 
chromatography, metal oxide surfaces using titanium oxide 
(TiO2), antibody-based enrichment (e.g., 4G10, used for phos-
photyrosine enrichment), or a combination of these approaches 
are necessary (Figures 2B,C) (42, 43). The digested and enriched 
phosphopeptides are then analyzed by the mass spectrometer 
(Figure 2D), and the identified phosphopeptides are collected 
for data analysis.

While very powerful, shotgun phosphoproteomics does have 
some limitations. In general, higher abundant phosphopeptides 
are sampled more frequently, while lower abundant phospho-
peptides are sampled less frequently. In addition, high variabil-
ity of sampling between MS runs can exist as lower abundant 
phosphopeptides may be sequenced in some samples, but not 
in others, creating a “missing data” problem that can complicate 
statistical analyses (44). While thousands of phosphopeptides 
are identified in complex biological specimens, tool to evaluate 
and comprehend the large amount of phosphopeptide informa-
tion is another main challenge. This has led to the development 
of resources providing a platform for data processing ranging 
from annotation and pathway enrichment to generating pathway 
networks and protein–protein interactions such as MaxQuant 
(45), Skyline (46), and kinase-substrate enrichment analysis 
(47, 48). A couple excellent reviews describe these software 
programs in more detail (49, 50) and will not be discussed in 
this review.

PHOSPHOPROTeOMiCS iN PrCa

Mass spectrometry-based proteomics and phosphoproteomics 
on cell lines, mouse xenografts, and clinical tissue samples have 
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FigURe 2 | General workflow for shotgun phosphoproteomics analysis. Tissue samples may include cultured cell lines, mouse xenografts, or clinical biopsy 
specimens. Tissue samples are lysed, homogenized, reduced, alkylated, and digested with the appropriate protease(s) (A). Phosphopeptide purification by 
immunoprecipitation (IP) and centrifugation will yield two fractions: pellet containing phosphotyrosine peptides (pY) and supernatant containing phosphoserine/
phosphothreonine (pS/pT) peptides (B). Strong cation exchange is performed for the pS/pT peptides fraction before phosphopeptide enrichment step for both 
fractions [immobilized metal affinity chromatography (IMAC) or Titanium oxide (TiO2)] (C) and analysis by LC-MS/MS (D).
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been used to characterize a wide array of different cancer types as 
well as identify tumor associated signatures that are involved in 
cancer progression or resistance to standard therapies. Here, we 

discuss some of the insights gained from MS-based proteomics 
and phosphoproteomics in PrCa as well as other cancers such as 
ovarian, lung, breast, and colorectal.
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In a previous study by our group, nearly 50% of CRPC tissues 
showed increased levels of overall tyrosine phosphorylation com-
pared to hormone naive PrCa (51), suggesting that CRPC tissues 
are prime candidates for investigating the role of activated kinases 
driving resistance to hormonal therapies. Since there are no clear 
common mutational drivers explaining this observed increase in 
tyrosine phosphorylation in CRPC, we discuss some landmark 
papers that utilized MS-based phosphoproteomics that identified 
activated kinase pathways, nominating new therapeutic targets in 
this disease.

Our group previously identified over 8,000 unique phospho-
peptides in mCRPC patient tumors obtained at rapid autopsy 
using MS-based phosphoproteomics (48, 52). The phosphopep-
tide signatures differentiated treatment naive PrCa from mCRPC 
and suggested that metastatic sites within the same patient were 
highly similar in their signaling networks but differed across 
patients (52). Some of the activated kinases identified include 
SRC, EGFR, MEK1, JAK2, AKT, MAPK1/3, and PI3K. Further, 
we connected both SRC and MAPK1/3 activity to nearly 70% of 
the mCRPC patients who were evaluated in this study, suggest-
ing that a combination of targeted agents to these two kinases 
may be beneficial clinically if administered to the correct patient 
population.

Our group also demonstrated that the integration of our phos-
phoproteomic datasets with genomic and transcriptomic data 
provided additional pathway information relevant to signaling 
networks in mCRPC. By using Tied Diffusion through Interacting 
Events (53) to integrate differentially expressed transcriptional 
regulators, genomic mutations, and activated kinases in mCRPC, 
a list of signaling networks with druggable kinase pathways 
were generated. From MSigDB gene sets, after incorporating 
phosphoproteomics data, six major signaling pathways were 
found to be upregulated in mCRPC tumors including the cell 
signaling pathway, DNA repair pathway, MAPK/AKT/mTOR, 
and nuclear receptor pathway (48). When the phosphoproteom-
ics data were not included, these signaling pathways were not as 
highly enriched. Therefore, the integration of phosphoproteomic 
data enhanced and validated pathway networks determined by 
genomic and transcriptional analyses. In addition, we developed 
a patient-specific, rank order list of kinases predicted to drive the 
mCRPC tumors in each patient. Since we previously showed pat-
terns of intrapatient similarity of kinase signaling, the collection 
of an easy accessible biopsy may be all that is needed to identify 
the activated pathways in each patient.

Our group also began to functionally assess these targets in 
preclinical models of metastatic development. Over 100 kinases 
were prioritized based on the phosphoproteomic, gene expres-
sion, or genomic information in mCRPC tissues and evaluated in 
a metastatic tail vein model via overexpression in non-metastatic 
mouse cell lines. We found that 20 kinases promoted metastases in 
an in vivo lung colonization screen. In a second metastatic screen, 
we overexpressed these 20 kinases in human RWPE-1 cells and 
identified RAF family (ARAF, BRAF, and CRAF), MERTK, and 
NTRK2 tyrosine kinases to promote bone and visceral metastases 
(54). These data suggested the potential contribution of wild-type 
kinases in PrCa metastasis and identified some candidates for 
future preclinical and clinical targeting.

Since our initial publications assessing the phosphoproteome 
of both mouse and human tumors, other groups have begun using 
phosphoproteomics to address different aspects of PrCa biology. 
By using quantitative MS-based phosphoproteomics of PrCa 
cell lines DU145 and PC3, an increase in activated focal adhe-
sion kinase (FAK) at residues Y397 and Y596 was observed in 
docetaxel resistant DU145 (FAK Y397) and PC3 (FAK Y596) cell 
lines (55). The Y397 phosphosite serves as a binding site for pro-
teins such as SRC, SHC, and the regulatory subunit of PI3K, while 
the Y596 site falls within the central kinase domain. Treatment 
with the FAK inhibitor PF-00562271 reduced phosphorylation of 
FAK but not AKT and had no effect on cell viability. Docetaxel 
alone reduced phosphorylation of FAK and AKT, and when 
added in combination with PF-00562271, there was an additive 
effect and a rescue of chemoresistance. These data suggested that 
in mCRPC patients who became resistant to docetaxel treatment 
due to increased FAK activation, combination therapy with the 
FAK inhibitor PF-00562271 and docetaxel may be administered 
to overcome chemoresistance (55).

In another study, protein phosphorylation in LNCaP PrCa 
cell line xenografts grown in intact and castrated mice identified 
hyperphosphorylation of signaling proteins including MEK, LYN, 
PRAS40, YAP1, and PAK2 (56). Also, analysis of CRPC clinical 
samples showed increased PAK2 and YAP1 levels. In androgen-
independent PC3 xenografts, the PAK2 inhibitor PF-3758309 
and YAP1 inhibitor verteporfin inhibited tumor growth (56). 
These data suggested that PAK2 and YAP1 as possible key play-
ers during the transition from a hormone naive to a castration 
resistance state.

Another study of parental LNCaP cells and an androgen-
independent version of LNCaP revealed over 60 phospho-
peptides that are involved in androgen-independent PrCa cell 
growth, including thyroid hormone receptor-associated protein 
3 (THRAP3) (57). THRAP3 is a transcription coactivator of AR, 
and hypophosphorylation of residues S248 and S253 were found in 
androgen-independent LNCaP cells. In addition, the interacting 
protein partners in both phosphorylated and unphosphorylated 
states of THRAP3 were different. By using non-phosphorylatable 
mutants (S248A/S253A) and phosphomimetic forms (S248D/
S253D) of THRAP3, the interacting partners were related to RNA 
splicing/processing, suggesting that phosphorylated THRAP3 
at S248 and S253 regulates transcriptional programs leading to 
androgen-independent PrCa cell growth.

Other studies using the parental LNCaP PrCa cell line 
identified phosphopeptides corresponding to several actionable 
kinase targets. These included BRAF, PIK3C2G, STK39, CDK1, 
MAPK2, AKT1, PRKD1, casein kinase 1 and 2 (CK2A1, CK2A2), 
and glycogen synthase kinase 3 (GSK3B) (58–60).

The above are most of the examples of work that have 
demonstrated the value of utilizing phosphoproteomic profil-
ing to reveal regulatory mechanisms and pathways crucial for 
drug resistance and recurrence in PrCa cell lines and tissues 
(Table 1). Interestingly, most of these kinases are not mutated at 
high frequencies at all in mCRPC (Figure 3). In addition to MS, 
antibody-based proteomic and phosphoproteomics analyses such 
as IHC (51, 56, 61–63) and RPPA (64–66) have also revealed acti-
vated kinases that are involved in disease progression and drug 
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TABLe 1 | Summary of phosphoproteomic studies in prostate cancer.

Kinases and regulatory proteins altered in prostate cancer tissues and cell lines

Regulatory protein/kinase Kinase type/function Source of material Reference

SRC Tyrosine kinase mCRPC patient tumors at rapid autopsy vs treatment naïve primary prostate tissue Drake et al. (52)
EGFR Tyrosine kinase Prostate cancer cell lines: 22Rv1, LNCaP, DU145 and C4-2 Drake et al. (48)
MEK1 Serine/threonine kinase Prostate cancer cell line derived xenografts: 22Rv1 and LNCaP
JAK2 Tyrosine kinase
AKT1 Serine/threonine kinase
MAPK1 Serine/threonine kinase
MAPK3 Serine/threonine kinase
FAK Tyrosine kinase Docetaxel resistant DU145 and PC3 prostate cell lines vs Parental DU145 and PC3 

prostate cancer cell lines
Lee et al. (55)

MEK1 Serine/threonine kinase Parental LNCaP prostate cancer cell line Jiang et al. (56)
LYN Tyrosine kinase 
YAP1 Transcriptional coactivator
PAK2 Serine/threonine kinase
THRAP3 Transcription coactivator Parental and androgen-independent LNCaP prostate cell lines Ino et al. (57)
AKT1 Serine/threonine kinase Parental LNCaP prostate cancer cell line Giorgianni et al. (58)
BRAF Serine/threonine kinase
CDK1 Serine/threonine kinase
STK39 Serine/threonine kinase
PIK3C2G Serine/threonine kinase
PRKD1 Serine/threonine kinase
CK1A Serine/threonine kinase Parental LNCaP prostate cancer cell line Myung and Sadar (60)
CK2A1 Serine/threonine kinase
GSK3B Serine/threonine kinase
AKT1 Serine/threonine kinase Parental LNCaP prostate cancer cell line Chen et al. (59)
MAPK1 Serine/threonine kinase
MAPK3 Serine/threonine kinase

Some of the potentially key druggable targets identified via MS-based phosphoproteomics that were highlighted in this review for prostate cancer emphasizing the paucity of global 
phosphoproteomic studies in clinical specimens.
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resistance. These identified regulatory proteins and pathways can 
also serve as potential therapeutic targets.

CLiNiCAL TRiALS: KiNASe iNHiBiTORS 
AND PrCa

Kinase pathways validated from various studies mentioned above 
would strongly act as clinical biomarkers for the evaluation of 
patients’ tumor kinase activation profiles. To date, biopsy-driven, 
therapeutic efforts aimed at targeting wild-type kinases that are 
activated in mCRPC are not performed. Mounting evidence 
that cancer is a disease of deregulated signaling pathways has 
led to the development of signaling-based targeted therapies for 
various human tumor types based on genomic mutations of these 
pathways. There are a number of FDA-approved kinase inhibitors 
for the treatment of cancer such as non-small-cell lung cancer, 
myeloma, head and neck cancer, and breast cancer, just to name 
a few (Table 2). These agents target kinases that have also been 
shown to be activated or upregulated in mCRPC making these 
inhibitors potentially beneficial to patients with mCRPC if used 
in the right context or combination. Currently, there are over 
900 clinical trials in progress in PrCa in the United States with 
85 studies in phase III. Of these, only 21 are investigating kinase 
inhibitors, alone or in combination, for PrCa. Below are some 
examples of previous clinical trials utilizing kinase inhibitors and 
the outcomes.

Bevacizumab, which blocks VEGF signaling, was assessed 
in a phase III trial comparing the treatment of docetaxel/pred-
nisone alone or in combination with bevacizumab in patients 
with mCRPC. Combination treatment resulted in a 2.4-month 
improvement in progression-free survival, but no difference in 
median survival (73). Sorafenib was shown to prevent disease 
progression and cause regression of bone metastases in some 
patients but without decreasing PSA levels (74), and sunitinib 
also induced a partial radiographic response but had a minimal 
effect on PSA levels in both treatment naive and docetaxel-treated 
CRPC patients (75).

Mammalian target of rapamycin inhibitors as a single agent had 
minimal effect in mCRPC (76), but in combination with docetaxel, 
it was shown to reverse drug resistance in PrCa cell lines (77). In 
patients with PTEN and other genetic aberrations where the AKT 
pathway is activated, targeting the AKT pathway in combination 
with mTOR inhibitors was shown to induce apoptosis. The AKT 
inhibitor, perifosine, in a phase II trial in patients with recurrent, 
hormone-sensitive PrCa did not meet prespecified PSA criteria 
for response with only 20% of patients showing a reduction in 
PSA, but none had a decline greater than 50%. As a single agent, 
there was only modest clinical activity with perifosine but other 
AKT inhibitors are in clinical trials in combination studies with 
docetaxel (NCT02121639), bicalutamide (NCT01251861), and 
abiraterone (NCT01485861). Everolimus, another mTOR inhibi-
tor, was FDA approved in 2016 for the treatment of patients with 
NE tumors of pancreatic origin. In a phase I study, everolimus 
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TABLe 2 | List of FDA-approved kinase inhibitors to date with the disease and kinase targets.

Kinase inhibitor Disease Kinase target/s

Acalabrutinib Mantle cell lymphoma BTK
Afatinib NSCLC, squamous NSCLC EGFR, ERBB2, ERBB4
Alectinib ALK-positive NSCLC ALK, RET
Axitinib Renal cell carcinoma VEGFR1, VEGFR2, VEGFR3, PDGFRβ
Bosutinib CML BCR-ABL, SRC, LYN, HCK
Brigatinib ALK-positive NSCLC after crizotinib ALK, ROS1, IGF-1R, FLT3, EGFR
Cabozantinib Metastatic medullary thryoid carcinoma, RCC RET, MET, VEGFR1, VEGFR2, VEGFR3, KIT, NTRK2, FLT3, AXL, TEK
Ceritinib ALK-positive NSCLC after crizotinib ALK, IGF-1R
Cobimetinib Melanoma with BRAF V600E/K mutation with vemurafenib MEK1/2
Crizotinib ALK-positive NSCLC, ROS1-positive NSCLS ALK, MET, ROS1, MST1R
Dabrafenib Melanoma and NSCLC with BRAF V600E BRAF
Dasatinib CML, ALL BCR-ABL, SRC, LCK, YES, FYN, KIT, EPHA2, PDGFRB
Erlotinib NSCLC, pancreatic cancer EGFR
Everolimus ERBB2-negative breast cancer, PNET, RCC, RAML, SEGA mTOR, FKBP12
Gefitinib NSCLC EGFR
Ibrutinib MCL, CLL BTK
Imatinib CML BCR-ABL, KIT, PDGFR
Lapatinib Metastatic breast cancer EGFR, ERBB2
Lenvatinib Differentiated thyroid cancer VEGFRs, FGFRs, PDGFR, KIT, RET
Midostaurin AML with FLT3-positive mutation FLT3
Neratinib ERBB2-positive breast cancer ERBB2
Nilotinib CML BCR-ABL, PDGFR, KIT, CSF1R, DDR1
Nintedanib Idiopathic pulmonary fibrosis FGFRs, PRGFRα/β, VEGFRs, FLT3
Osimertinib NSCLC EGFR T970M
Palbociclib ER-positive/Her2-negative breast cancer CDK4/6
Pazopanib Renal cell carcinoma VEGFRs, PDGFRα/β, FGFR1/3, KIT, ITK, LCK, FMS
Ponatinib CML BCR-ABL, VEGFR, PDGFR, FGFR, EPHR, SRC, KIT, RET, TEK, FLT3
Regorafenib Colorectal cancer VEGFRs, BCR-ABL, RET, KIT, FGFR1/2, PDGFRα/β, EPHA2, BRAF
Ribociclib HR-positive/EGFR-negative breast cancer CDK4/6
Ruxolitinib Myelofibrosis, PV JAK1, JAK2
Sirolimus Renal transplant lymphangioleiomyomatosis FKBP12, mTOR
Sorafenib Hepatocellular, renal, thyroid carcinoma BRAF, CRAF, KIT, FLT3, RET, VEGFRs, PDGFRβ
Sunitinib GIST, renal cell carcinoma, PNET PDGFRα/β, VEGFR1, VEGFRs, KIT, FLT3, CSF1R, RET
Temsirolimus Advanced renal cell carcinoma mTOR
Tofacitinib Rheumatoid arthritis JAK1, JAK2
Trametinib Melanoma and NSCLC with BRAF V600E mutation MEK1/2
Vandentinib Medullary thryoid carcinoma EGFRs, RET, VEGFRs, TEK, EPHRs, SRC, BRK
Vemurafenib Melanoma with BRAF V600E mutation, Erdheim–Chester disease BRAF, ARAF, CRAF, SRMS, ACK1, MAP4K5, FGR

A current (December 2017) list of kinase inhibitors approved for the treatment of various cancer types. Some of these targets are implicated in mCRPC; however, the kinase 
inhibitors assessed in clinical trials for mCRPC did not demonstrate sufficient response and were not approved.
ALL, acute lymphoblastic leukemia; CML, chronic myelogenous leukemia; CLL, chronic lymphocytic leukemia; GIST, gastrointestinal stroma tumor; MCL, mantle cell lymphoma; 
mCRPC, metastatic castration-resistant prostate cancer; mTOR, mammalian target of rapamycin; NSCLC, non-small-cell lung cancer; PNET, progressive neuroendocrine tumor of 
pancreatic origin; PV, polycythemia vera; RCC, renal cell carcinoma.

FigURe 3 | Mutations in select kinases in metastatic castration-resistant prostate cancer (mCRPC). Columns represent individual patients, and rows represent 
genetic alterations detected in tyrosine (A) or serine/threonine (B) kinases. For the 6 studies mentioned (22, 23, 67–70), samples from a total of 900 patients were 
sequenced revealing mutations in 59 patients (~7%) for tyrosine kinases and in 82 patients (~9%) for serine/threonine kinases. Importantly, driver mutations were 
only observed in 4 patients (~0.4%) for tyrosine kinases and 19 patients (~2%) for serine/threonine kinases, suggesting that a very small fraction of the mCRPC 
population have genomic identifiers of kinase activity. The proportion of patients with alterations in each kinase is listed on the left. Only patients with alterations are 
represented. Data were extracted from cBioPortal (71, 72).
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in combination with docetaxel was found to be safe in CRPC 
patients and resulted in more than 50% reduction in PSA levels 
(78). Another investigational mTOR inhibitor, ridaforolimus, in 
phase II trials in combination with bicalutamide showed a 30% 
decrease in PSA response (79).

SRC non-receptor tyrosine kinase is involved in multiple sign-
aling pathways in PrCa including cell proliferation, migration, 
angiogenesis, survival, and transition to androgen-independent 
growth (80). Dasatinib is a SRC inhibitor that was shown to 

suppress cell proliferation of PrCa cell lines (81); inhibit cell 
adhesion, migration, and invasion (82); and reduce tumor growth 
in a mouse xenograft model (83). In a phase II clinical trial, 
dasatinib had a definite but limited activity in advanced mCRPC 
but was poorly tolerated, and 43% of patients discontinued treat-
ment due to toxicity (84). In a previous phase II clinical trial, 
dasatinib did not show significant PSA response, and only 19% 
of men with mCRPC were free of disease progression at 6 months 
(85). In a separate phase II combination trial of dasatinib and 
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TABLe 3 | Kinase inhibitors that have been assessed in clinical trials for mCRPC.

Kinase 
inhibitors

Target Approved? Phase 
reached

Reference

Cabozantinib VEGFR, 
MET

No III Smith et al. (91)

Cediranib VEGFR No II Dahut et al. (97)
Dasatinib SRC No III Araujo et al. (96)
Dasatinib SRC No II Yu et al. (85)
Erlotinib EGFR No II Gross et al. (95)
Gefitinib EGFR No II Canil et al. (94)
Imatinib ABL No II Lin et al. (93)
Lapatinib EGFR, 

HER2
No II Whang et al. (92)

Saracatinib SRC No II Lara et al. (87)
Saracatinib FYN No II Posadas et al. (88)
Sorafenib PDGFR, 

VEGFR
No II Aragon-Ching et al. (74)

Sunitinib PDGFR, 
VEGFR

No II Dror Michaelson et al. (90)

Food and Drug Administration approved kinase inhibitors assessed in early phase I and 
II clinical trials for metastatic castration-resistant prostate cancer did not demonstrate 
sufficient response or activity to advance to phase III trials, with the exception of 
cabozantinib and dasatinib. However, neither inhibitor demonstrated significant overall 
survival benefits and both were not approved.
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docetaxel, it was observed that 41% of the participants showed a 
PSA response and 32% of patients with bone metastases showed 
improvement as assessed by bone scans (86). In a phase II clinical 
trial with single-agent saracatinib, another SRC inhibitor, only 
18% of patients with mCRPC showed a reduction of <30% in 
PSA (87). In a more recent phase II clinical trial, saracatinib was 
assessed in a subset of mCRPC patients who showed recurrence 
postdocetaxel treatment. Only 26% of patients had stable disease 
after 8 weeks with the remaining patients showing expansion of 
existing lesions. Fatigue was reported in 25% of patients, and this 
study was discontinued as it could not be determined if sara-
catinib would inhibit metastasis (88). Another phase II study of 
a SRC inhibitor, KX2-391, was closed due to prespecified futility 
rule and toxicities (89).

A plethora of kinase inhibitors have been assessed in phase I 
and phase II trials for patients with mCRPC. These include single 
agents such as sorafenib (74), sunitinib (90), cabozantinib (91), 
dasatinib (85), lapatinib (92), imatinib (93), and gefitinib (94) 
as well as erlotinib (95) and dasatinib (96) in combination with 
docetaxel. None of these agents demonstrated sufficient response 
or activity to advance to phase III trials, with the exception of 
cabozantinib and dasatinib (Table 3). Unfortunately, neither of 
these two inhibitors demonstrated significant overall improved 
survival benefits in those phase III trials (85, 91).

Most of the kinase inhibitors that entered clinical trials for 
mCRPC have been discontinued due to low efficacy even though 
they have been approved for treatment in other cancer types. 
This emphasizes the complexity and lack of any one dominant 
kinase driving the biology in mCRPC, affecting the response of 
any one targeted therapy in an unselected patient population. The 
challenge is to develop clinical trials based on biomarkers that 
can categorize a patient’s cancer subtype to any one of several 
FDA-approved targeted therapies, similar to the NCI-MATCH 

trials, but for protein activity. To date, only eight PrCa patients 
have been “matched” to any given targeted therapy in the NCI-
MATCH trial (NCI Formulary, May 8, 2017). This reveals a couple 
concerns about implementing targeted therapies in mCRPC: (1) 
the paucity of activating mutations as assessed by genomic panels 
eliminates a majority of CRPC patients from selected targeted 
therapies and (2) even if the mutation is observed, information 
on the activity of that protein is missing. To that point, selection 
of a targeted agent by mutation information alone, independent 
of tissue type may also be misleading. Key evidence from colon 
cancer suggests that BRAF (V600E)-mutant tumors are not 
responsive to vemurafenib alone but only in combination with an 
EGFR inhibitor to repress the rapid feedback activation of EGFR 
by vemurafenib treatment (98). This example suggests that to 
observe prolonged, clinically significant benefits to patients with 
mCRPC (or other cancer types), we need to begin designing trials 
that not only assess the genomic aspects of the tumor but also 
the feedback regulation. If we can do this, we might have a better 
chance of inhibiting resistance and prolonging survival.

While disappointing, these clinical trial results do not mean 
that agents used in these failed clinical trials will not have a future 
role in mCRPC treatment. It is postulated that select kinase 
inhibitors used in combination with other targeted agents such 
as second-generation hormonal therapies (abiraterone acetate 
and enzalutamide) or checkpoint inhibitor immunotherapies 
may provide substantial clinical benefit. We are only starting to 
understand the mechanism of action of these kinase inhibitors 
in the tumor microenvironment and on immune cells. As this 
becomes clearer, we can move forward with more rationale 
combination treatments.

PROTeOMiCS AND 
PHOSPHOPROTeOMiCS iN OTHeR 
CANCeRS

Ovarian Cancer
In an effort to characterize the genome and proteome of high-
grade serous ovarian cancer, Zhang et al. performed MS-based 
proteomic analysis on 174 ovarian tumors (169 high grade) previ-
ously characterized by The Cancer Genome Atlas (TCGA) (99). 
The integration of genomic and proteomic data showed an 80% 
positive correlation between mRNA and protein abundance with 
metabolic pathways and interferon response being more highly 
correlated than stable, abundant proteins consisting of house-
keeping genes. Unbiased clustering using protein abundance 
data grouped tumors into mesenchymal, proliferative, immu-
noreactive, and differentiated subtypes, as previously defined 
by the TCGA transcriptome analysis. However, there was a fifth 
cluster of tumor-enriched proteins related to extracellular matrix 
interactions and erythroid and platelet functions that were not 
identified by genomic data alone. Interestingly, increased protein 
phosphorylation in high-grade serous ovarian cancer samples 
suggested that multiple pathways may be activated in these 
tumors. Indeed, the PDGFR signaling pathway important for 
angiogenesis, the RHOA regulatory and integrin-linked kinase 
pathway associated with invasion and cell mobility, and pathways 
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associated with chemokine signaling and adaptive immune 
response were observed to be activated explaining the aggressive 
nature of this disease. In patients with activated PDGFR, for 
example, stratification and enrollment of patients with expected 
short overall survival into antiangiogenic clinical trial therapies 
will be beneficial. A phase II clinical trial to determine the effec-
tiveness of imatinib, a PDGFR and KIT inhibitor, in patients with 
refractory ovarian cancer has been completed (NCT00039585) 
with no results posted to date. However, it might be promising 
as imatinib has been shown to be effective to inhibit the growth 
of ovarian cancer cells in a PDGFR-specific manner by arresting 
cells at the G0–G1 phase and preventing progression through 
the S phase (100). Other multifunctional kinase inhibitors that 
may be effective therapeutic agents for ovarian cancer include 
pazopanib (targets VEGFR, PDGFR, FGFR, and KIT), suni-
tinib (targets VEGFR, PDGFR, FLT3, and KIT), and sorafenib 
(targets VEGFR, PDGFR, and RAF kinases) (101). However, 
these agents did not do well in phase I and II clinical trials. With 
pazopanib, there was a 5.6-month progression-free survival and 
overall survival could not be determined because of toxicities 
and adverse effects (102). With sunitinib, an objective response 
rate of only 8.3% with a 9.9-week progression-free survival 
reported (103). Sorafenib showed only 3.4% partial response, no 
progression-free survival, or overall survival advantage and low  
tolerability (104).

Lung Cancer
Previous work by Rikova et al. have analyzed 41 non-small-cell 
lung cancer cell lines and more than 150 tumors to identify 
and group samples based on the activated tyrosine kinases 
using phosphoproteomics (105). Robust phosphorylation was 
observed in known oncogenic kinases such as EGFR and c-MET, 
as well as novel (at the time) ALK and ROS fusion proteins 
(105). In addition, they identified activated tyrosine kinases 
not previously indicated in this disease such as PDGFRα and 
DDR1. PDGFRα, which was found to be aberrantly activated 
in the H1703 cell line and also in eight tumor samples, was 
nominated as a novel therapeutic target. Investigating the 
sensitivity of H1703 cell line to imatinib (PDGFR inhibitor) 
and gefitinib (EGFR inhibitor) showed that phosphorylation of 
AKT at serine 473 was blocked by imatinib but not gefitinib. 
Cell lines negative for PDGFRα were insensitive to imatinib, 
correlating kinase activity to drug sensitivity. A phase II clini-
cal trial assessed the effectiveness of imatinib and docetaxel in 
patients with PDFGR expressing non-small-cell lung cancer but 
was terminated early due to high drug intolerance and no added 
clinical efficacy. The authors recommend that future studies 
with PDGFR inhibitors should include the measurement of 
PDGFR as a positive predictive biomarker prior to therapy 
administration (106).

Quantitative phosphoproteomics was performed on non-
small-cell lung cancer tumors derived from multiple patients, 
and signaling networks that were known to be involved in lung 
cancer oncogenesis were identified (107). Activated kinases 
found in these tumor samples included ERBB2, c-Met, AKT, RAF, 
and PI3K and direct transcriptional regulators (MEF2D, TP53, 
ELK3, and ATF7).

Breast Cancer
Mertins et  al. utilized quantitative MS-based proteomics and 
phosphoproteomics to analyze over 100 genomically character-
ized breast cancers (108). The samples represented four main 
mRNA-defined PAM50 breast cancer subtypes, namely basal-
like, luminal A, luminal B, and ERBB2-positive subtypes. Their 
results revealed a connection between loss of CETN3 and SKP1 
to increased expression levels of EGFR and SKP1 loss to increased 
SRC levels (108). They also identified a G-protein couple receptor 
cluster that was not identified at the mRNA level. In addition, 
highly phosphorylated kinases identified included ERBB2, 
CDK12, PAK41, RIPK2, and TLK2. The proteome subtypes 
identified by using the global proteomics and phosphoproteom-
ics data included basal-enriched, luminal-enriched, and stromal-
enriched, while ERBB2-enriched tumors were distributed among 
these three proteome subgroups (unlike with the clustering seen 
with the PAM50 genes, mRNA-defined subtypes). The basal and 
luminal groups showed a significant overlap between mRNA 
and proteome-defined subtypes, but the stromal-enriched pro-
teome subgroup represented a mix of all mRNA-based subtypes. 
Pathway analyses showed that the luminal subtype was exclusively 
enriched for estradiol and ESR1-driven genes, while the basal 
proteome subtype was enriched for multiple gene sets including 
MYC target genes for cell cycle, checkpoint, and DNA repair 
pathway regulators including AURKA/B, ATM, ATR, CHEK1/2, 
and BRCA1/2 (108). This work has led to the identification of 
potential druggable kinases in breast cancer, other than ERBB2, 
and emphasized the advantage of connecting the genome to the 
proteome.

Colorectal Cancer
Zhang et  al. analyzed the proteomes of colorectal tumors pre-
viously characterized by the TCGA (109). They showed that 
somatic variants were associated with lower protein abundance 
compared to germline variants and that mRNA expression did 
not predict protein abundance between tumors. Proteomics 
identified five subtypes in the TCGA cohort with two overlapping 
the transcriptomic subtype: microsatellite instability/CpG island 
methylation subtype. This demonstrated that proteomic data may 
enable prioritization of potential driver genes. They also showed 
that chromosome 20q amplicon was associated with high changes 
at the mRNA and protein levels, some of which included HNF4α, 
TOMM34, and SRC (109).

The data obtained from these integrative approaches provide 
a link from genotype to proteotype to phenotype to better under-
stand the biology at the molecular level that lead to aggressive 
cancer. Insights gained from the studies mentioned above are 
evidence that MS-based phosphoproteomics and integration of 
proteomic and genomic data are advantageous for patient strati-
fication, for identification of personalize therapies, and to under-
stand mechanisms involved in resistance to standard treatment.

HOw TO MeASURe PATHwAY ACTiviTY 
CLiNiCALLY: TARgeTeD MS

Targeted phosphoproteomic technologies are rapidly rising as key 
tools for the identification and quantification of highly selected 
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FigURe 4 | General workflow for targeted phosphoproteomics analysis. Tissue samples may include cultures cell lines, mouse xenografts, or clinical biopsy 
specimens such as blood, urine, or tumor biopsies. Samples are processed as described in the shotgun workflow up to proteolytic digestion. Custom designed 
heavy-labeled peptide standards to specific targets of interest are spiked in with the tryptic peptides followed by enrichment and analysis by LC-MS/MS.
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phosphopeptides in clinical samples (Figure 4). Some advantages 
of targeted MS are increased speed, sensitivity, reproducibility, 
and selectivity of your analyte. Targeted MS technology depends 
on the use of more expensive heavy-labeled synthetic custom 
phosphopeptides for assay development and absolute quan-
tification (110–112). These phosphopeptides are designed to 
limit the focus to a specific subset of targets of interest, without 

large-scale biomarker screening, although the targets can be 
highly customizable.

Limited sample amount from biopsies is a major challenge 
for phosphoproteomic analyses clinically. The optimization 
of protocols to efficiently sample biopsy amounts coupled 
with enrichment techniques to reduce sample complexity for 
reliable and reproducible detection via targeted MS are being 
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FigURe 5 | Overview of data integration. Data from a combination of 
phosphoproteomics, genomics, transcriptomics epigenomics, and 
metabolomics studies investigating the mutational landscape, 
phosphoproteomic signature, gene expression changes, and regulation in 
prostate cancer tumors of individual patients can be used clinically to 
determine disease drivers (mutations and/or activated kinases and aberrantly 
regulated signaling pathways) as diagnostic tools, to predict patient outcome, 
to design personalized therapeutic options, and to aid in better clinical trials 
design.
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investigated (42, 113). For example, a phosphoproteomic plat-
form known as EasyPhos was shown to quantify thousands 
of phosphopeptides from only 1 mg of cells or tissue protein 
rapidly in a 96-well format (114). In addition, integrating 
pressure cycling technology-assisted sample preparation and  
SWATH-MS allowed for consistent sample preparation repro-
ducibility as well as the quantification of thousands of proteins 
from biopsy level tissues (115, 116). Shao et  al. evaluated 
minimum sample requirements from 50,000 cultured cells and 
as low as 0.2–0.5 mg of wet tissue weight and reported that these 
smaller sample sizes achieved high quantitative accuracy that 
were both reliable and reproducible (115). It is important to 
note that SWATH-MS was previously applied to the proteome 
and not the phosphoproteome, so other modifications to the 
protocol may be necessary. The capability of sample multi-
plexing using isobaric labeling allows the monitoring of up 
to 10 samples simultaneously in a single-targeted MS run, 
significantly reducing cost and run times (117). Overall, with 
significant improvements and advances in protocol optimiza-
tion and sample procurement, targeted phosphoproteomic 
analyses will soon be a feasible and essential tool in the clinical 
setting for assessment of diagnostic, prognostic, or predictive 
biomarkers (118).

SOURCeS OF PATieNT MATeRiAL FOR 
TARgeTeD MS ASSAYS

A number of studies have applied proteomics on various biologi-
cal systems including tissue, serum (119), urine (120), and cell 
lines and conditioned media from cultured cells (121). Frozen 
or formalin-fixed paraffin-embedded samples represent the two 
major processing protocols for collecting clinical tissues and 
targeted MS assays are capable to detect proteins or phospho-
proteins from either source depending on the assay design. The 
major challenges with tissue-based approaches are small amounts 
(biopsies), and they are not conducive for sequential assessment 
of pathways related to disease progression or drug resistance. 
Since repeated metastatic tissue biopsies are not feasible, ethical, 
or safe to patients with mCRPC, assessing liquid biopsies, such 
as blood or urine, may be an effective substitute for biomarker or 
pathway evaluation studies over time. Some approaches include 
isolation of CTCs, cell-free DNA, or exosomes in patient blood 
or serum.

Cell-free DNA has the capability to detect novel mutations (or 
loss of a mutation) after treatment, indicative of therapy success 
or resistance. However, cell-free DNA will generate molecular 
characterization at the genomic level without any information 
at the protein level. Several great reviews have been written 
on cell-free DNA and will not be discussed further (122–124). 
Isolation of CTCs have also garnered much interest in the PrCa 
community since the finding that AR splice variants can serve 
as potential biomarkers of resistance to abiraterone acetate or 
enzalutamide (14). Currently, CTCs are primarily used for RNA 
or DNA-based analyses and protocols are being developed to 
investigate proteins. Indeed, a recent study by Scher et al. identi-
fied nuclear ARv7 protein in CTCs of patients with mCRPC as 

a biomarker for treatment selection (125). Importantly, patients 
with CTCs consisting of nuclear ARv7 were likely to have a better 
overall survival on taxane-based chemotherapy, suggesting that 
the assessment of ARv7 protein is critical for treatment selection. 
However, assessment of phosphoproteins in CTCs have not been 
reported and represents a big hurdle is the utilization of this 
technology to measure pathway activity. Furthermore, isolation 
of CTCs from blood is technically challenging and the number of 
CTCs in blood is quite low with counts ranging between 5 and 10 
CTCs per 10 ml of blood in patients with low number metastases 
(126), making this approach unlikely for targeted MS assays in the 
current form and more suitable for immunofluorescence at the 
single cell level. However, if we can evaluate signaling networks 
in CTCs using phosphosite-specific antibodies via immunofluo-
rescence, we can gain a better understanding of the heterogeneity 
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of signaling in these cell types as well as identify possible new 
therapeutic targets for treatment.

An exciting new area in liquid biopsy research that has 
potential for MS-based assays is the isolation of extracellular 
vesicles or exosomes. Exosomes are an excellent source for 
biomarker discovery because the cargo they carry reflects the 
same genomic, transcriptomic, or proteomic information from 
parental cancer cells (127, 128). In a study where exosomes 
were isolated by ultracentrifugation from primary prostate 
epithelial and PrCa cell line supernatants, MS-based prot-
eomic analysis revealed candidate biomarkers more abundant 
in PrCa cell lines, including FASN, XPO1, ALIX, and ENO1 
(129). In a later MS-based study assessing the proteome of 
urinary exosomes, differential protein expression was observed 
between PrCa patients and healthy male controls (130). Some of 
these proteins included transmembrane protein 256 (TM256), 
LAMTOR, VATL, ADIRF, and RAB family. Claudin 3 was found 
in exosomes isolated from the plasma of patients with local-
ized and mCRPC compared to patients with benign prostatic 
hyperplasia and healthy individuals (131). This demonstrated 
the benefits and potential clinical application of exosomes for 
the identification and validation of urine- and blood-based 
biomarkers in PrCa.

CONCLUSiON

The majority of studies have predominantly focused on the 
genetic signatures of cancer identifying driver mutations that 
confer drug resistance. Given the low mutation rates in PrCa and 
mCRPC relative to other cancers strongly supports the need to 
identify other candidate biomarkers via proteomic or phospho-
proteomic technologies. Systems biology approaches revealed 
that genomic and transcriptomic data alone may be missing key 
players regulating cellular function and disease (132). Integrating 
other “omics” data sets such as metabolomics, epigenomics, 
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as well as the availability and affordability of high-throughput 
technologies for comprehensive molecular characterization of 
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