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Abstract

Quantitative evaluation of protein expression across multiple cancer-related signaling pathways
(e.9. Wnt/p-catenin, TGF-p, receptor tyrosine kinases (RTK), MAP kinases, NF-xB, and
apoptosis) in tumor tissues may enable the development of a molecular profile for each individual
tumor that can aid in the selection of appropriate targeted cancer therapies. Here, we describe the
development of a broadly applicable protocol to develop and implement quantitative mass
spectrometry assays using cell line models and frozen tissue specimens from colon cancer
patients. Cell lines are used to develop peptide-based assays for protein quantification, which are
incorporated into a method based on SDS-PAGE protein fractionation, in-gel digestion, and liquid
chromatography-multiple reaction monitoring mass spectrometry (LC-MRM/MS). This analytical
platform is then applied to frozen tumor tissues. This protocol can be broadly applied to the study
of human disease using multiplexed LC-MRM assays.
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1. Introduction

Cancer is one of the most prevalent public health concerns in the United States [1]. Novel
approaches to further our understanding of basic molecular mechanisms of cancer signaling
[2-5], particularly in human tumor tissues, are necessary to improve molecular classification
schemes for personalized or precision medicine. With landscapes of tumor types created by
genomics [6-9] and discovery proteomics [10] as well as known cancer biology, numerous
important biomarkers can be selected to help guide patient treatment. Liquid
chromatography-multiple reaction monitoring mass spectrometry (LC-MRM) has a long
track record of clinical use and provides a flexible approach to multiplexing numerous
protein biomarker assays. This technique is now routinely used for biomarker verification
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from discovery proteomics datasets [11,12]. Furthermore, the method excels at detection of
target proteins in complex matrices [13] as well as high sensitivity and high precision
quantification of low abundance proteins that contribute to intricate cancer signaling
pathways [14-16]. Finally, this method has the capability to be translated to clinical samples
[17-20].

In clinical sample analysis, techniques such as immunohistochemistry [21,22] and more
recently matrix assisted laser desorption ionization (MALDI) mass spectrometry [23] or
MALDI-MRM imaging [24] have been used for visual elucidation of "molecular images" on
the tissue specimens. However, low abundance proteins are not detected with these strategies
and require other approaches to quantify their expression in clinical samples. Gel
fractionation prior to LC-MRM enables this approach to be compared directly to
immunoblotting (Western) [25] and serves as an important pre-fractionation step to enrich
the target proteins [26]. A variety of software applications are available to facilitate assay
development (MRMer [27], SRM Builder (Thermo), MRMaid [28], Pinpoint (Thermo), and
Skyline [29], inter al.) as well as to validate and publish SRM data (MRMAtlas [30],
Panorama [31], MRMaid-DB [32], QUAD [33], inter al.), and perform computational
processing and statistical validation of the data (e.g. mProphet [34]). These efforts have in
turn supported sensitive high-throughput protein detection and quantification in a wide
variety of biological samples (e.g. yeast [35-38], worms [39], cell lines [40], plasma [41],
and human tissue, /nter al)) as well as inter-lab assessment of the precision, portability, and
reproducibility of those measurements [42,43].

Experimental Design

The experimental procedure described in this protocol focuses on selected cancer-related
signaling pathways for mechanism elucidation and targeted therapy selection in colon
cancer, but could be adapted to investigate other human diseases. The workflow includes: i)
hypothesis-driven target selection; ii) SDS-PAGE-LC-MRM assay development with stable
isotope-labeled standards; iii) multiplexed LC-MRM assay assembly; iv) frozen tissue
evaluation and LC-MRM quantification; and v) data analysis. The rationale for target
selection is based on known colon tumor biology and therefore includes low abundance
proteins with roles in cancer related signaling pathways (as opposed to targets generated
from discovery proteomics). Clinical relevance includes proteins with matched targeted
therapeutic agents (e.g. receptor tyrosine kinase or RTK inhibitors). Pathways include Wnt/
B-catenin, TGF-B, RTKs, MAP kinases, NF-xB, and apoptosis. The relationships between
the proteins in this multiplexed LC-MRM panel have been mapped to illustrate their
interactions and begin to generate a system-level view for the LC-MRM results (Figure 1).
For assay development, SDS-PAGE protein fractionation is used for enrichment prior to LC-
MRM screening. The final platform includes LC-MRM analysis of 5 distinct gel bands and
is tested in cell line models prior to analysis of human tumor tissues.

In summary, the goal of this protocol is to enable investigation of cancer-related pathways in
human tumors using quantitative mass spectrometry. The potential to achieve this goal is
directly linked to recruitment of the scientific team that can contribute the necessary
expertise and proper experimental design (see Note 1). Ultimately, we believe that this
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approach will improve our understanding of disease processes and elucidate mechanisms of
response to therapy. The methods described frame the different steps (brief descriptions and
estimated timelines are included in Note 2) required to include quantitative proteomics with
medical history and histology for comprehensive analysis of tumor tissues.

2. Materials

Prepare all solutions using HPLC grade solvents, ultrapure water and high purity and/or
mass spectrometry grade reagents. Follow safety precautions and disposal regulations (see
Note 3).

2.1 Cell Culture and Tissue Acquisition
1. RPMI 1640 medium with L-glutamine and NaHCOg3

HyClone Fetal bovine serum abbreviated FBS
Penicillin-streptomycin

0.25% Trypsin-EDTA

Criterion XT 4-12% Bis-Tris precast gel (Bio-Rad)

o~ WD

Gel loading buffer: XT Sample buffer, 4X (Bio-Rad)

1Assembling the research team with representatives of each type of expertise required to address the research question is critical for
success. In this case, the disciplines include colon cancer patient treatment, surgery, and relevant biology (DS), pathology (DC),
epidemiology (ES), microscopy (ML), proteomics (YC, EW, and JK), and biostatistics (KF and YAC). Study design is also a critical
step. The existing samples and available budget often determine the cohort that will be examined; these practical limitations need to be
examined prior to experiment design and evaluated using power calculations as well as knowledge of the patient populations,
histological tumor types, and molecular tumor subtypes. Placement of the study in the context of the patients’ medical history
information and genomics data is also critical. All previous testing results that are relevant should be accrued at the beginning of the
study. Because these tumors are already banked, two to five years of follow-up information could be obtained. This data will enable to
combine the results from quantitative proteomics with medical history, histology, and gene expression profiles for comprehensive
analysis of tumor tissues with the ultimate goal of establishing a molecular basis for personalized medicine.

Typical times for each step used in our laboratory are: Section 3.1, Selecting target proteins from cancer related signaling pathways
and designing the LC-MRM method for peptide screening: iterative and ongoing assessment of the literature is needed, but the initial
data can be gathered within a few days. Section 3.2, Selecting appropriate cell line models for assay development and sample
preparation: 3 days for sample preparation, including overnight gel destaining and 24 h trypsin digestion. LC-MRM: 2 h per analysis
including washes to eliminate carryover. Synthesis and Characterization of Internal Standards: Generally a 2—4 week process, but we
have been able to take candidate proteins and have the SIS peptide synthesized and characterized within 1 week. Synthesis requires 1—
2 days at a minimum. Further purification and mass analysis can be performed in 1-2 days. Our amino acid analysis has been
completed at Texas A&M University (see Acknowledgments), so shipping and turnaround for that data is longer than an in-house
service. Calibration curves can be run in 2-3 days on the triple quadrupole mass spectrometer depending on gradient length and
number of required data points and technical replicates. Peptide evaluation after freeze-thaw cycles and after long term storage
requires additional time. Assay assembly and cell line analysis: With this number of target proteins and excised gel regions, 1 day is
needed for gel separation, 2 days for sample preparation, and 2 h of instrument time per LC-MRM analysis (triplicate analysis of 5 gel
regions produces 15 LC-MRM datasets for each biological sample). Section 3.3, Sample preparation for multiplexed LC-MRM assay
implementation in cell line models: This experiment analyzing 10 cell lines requires 5 days for sample preparation after fresh or frozen
lysates are available and then 1.5 days of instrument time per cell line for triplicate LC-MRM analysis of digests of each of the 5 gel
regions per cell line (50 samples). Section 3.4, Tumor tissue selection, sectioning and evaluation: Practically, the timeline is dependent
on IRB approval, banked sample availability, Tissue Core staff, whole slide scanning, and the pathologist’s schedule. After several
discussions, we used ~1 h per sample for pathology review and ~1 h per sample for pattern recognition software evaluation as well as
2 h for data reconciliation and interpretation. Section 3.5, Tumor tissue analysis: For each batch of 10 tumor tissues with 2 cell line
controls, 5 days was needed for sample preparation (60 samples total) with 1.5 days of instrument time per tissue/cell line for triplicate
LC-MRM analysis. Section 3.6, Quality control and data analysis: For the first project, this process will be iterative and ongoing for
weeks to months due to discussion of multiple relevant parameters; timeline is also limited by the other commitments of the
biostatisticians. After the research team has accumulated more experience, the time required will significantly decrease.

Safety Concerns: When using toxic, highly flammable or corrosive solvents and reagents, use protective clothing, gloves, safety
goggles or eye/face protection as appropriate, and handle the reagent in the fume hood. In addition, special care is needed when
handling electrospray emitter tips; safety glasses are recommended. Solvents and waste must be properly disposed or recycled as per
relevant local and federal regulations.
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Bradford protein assay kit
Coomassie Brilliant Blue G-250 (Bio-Rad)

Control colon adenocarcinoma cell lines: HCT116 and HT29 (American Type
Culture Collection, Manassas, VA).

Human colon tumor tissues are obtained from Moffitt’s Total Cancer Care
Biorepository with institutional review board approval (Protocol 00001138,
University of South Florida).

Source of distilled, deionized (18 MQ) water

pH Meter (Orion)

Spectrophotometer (UV-Visible, Beckman Coulter)
Microcentrifuge, 14,000 x g.

Sonic dismembrator.

Vacuum concentrator (Speedvac).

Dri-Bath.

Microanalytical balance.

Midi-gel electrophoresis system.

Gel imager.

NanoUPLC system with refrigerated autosampler.

NanoUPLC trap column (PepMap, 100 pm ID x 2 cm, C18, 5 um particle size,
100 A pore size).

NanoUPLC separation column (PepMap, 75 um ID x 25 cm, C18, 2 um particle
size, 100 A pore size).

Triple quadrupole mass spectrometer with a nanoelectrospray ion source (e.g.
TSQ Vantage or Quantiva, Thermo or equivalent).

Electrospray emitters pulled to 10 um ID tips. For safety precautions, see Note 3.

MALDI MS and MS/MS (e.g. 4700, ABSciex) and semi-preparative HPLC may
be required for peptide characterization and purification, unless purchasing the
peptides from a vendor that will characterize them prior to delivery.

High-throughput whole slide scanning instrument with whole slide imaging
software.

Skyline software or equivalent (https://skyline.gs.washington.edu/labkey/project/
home/software/Skyline/begin.view) [29].

GeneGO software (Metacore, Thomson Reuters available at http://
portal.genego.com or similar pathway mapping tool).
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Matlab R2009b (http://www.mathworks.com).

2.3 Solutions and Buffers

1.

10.

11.

12.

Ammonium bicarbonate: 100 mM solution water. Dissolve 0.79 g ammonium
bicarbonate in 80 mL 18 MQ water, verify pH is 8, and bring volume up to 100
mL total. Dilute as needed with 18 MQ water to make 50 mM and 30 mM
solutions.

Dithiothreitol (DTT): 1.25 M solution in water. Dissolve 192.5 mg DTT in 1 mL
water.

Lysis buffer: 8 M urea in 100 mM ammonium bicarbonate buffer, pH 8. Store at
room temperature for up to 1 week.

Protein denaturation for SDS-PAGE: Pipette out an aliquot (e.g. 50 pg) of cell
lysate or tissue homogenate based on the total protein concentration determined
by the Bradford assay. Add appropriate amount of 4X Criterion XT sample
buffer, 1 uL of 1.25 M DTT and water to a total volume of 30-45 L (dependent
on the maximum volume per lane). Denature the proteins at 95°C for 10 min and
cool on ice prior to loading the gel.

Gel destaining buffer: 10 % v/v methanol, 5 % v/v acetic acid. Add 100 mL
methanol and 50 mL glacial acetic acid to distilled, deionized water to make a
total amount of 1000 mL.

Gel staining buffer: Dissolve 5 mg Coomassie Brilliant Blue G-250 in 100 mL
gel destaining buffer.

Gel slice destaining buffer: 50 mM ammonium bicarbonate, 50 % methanol. Mix
25 mL of 100 mM ammonium bicarbonate and 25 mL of methanol to make 50
mL gel slice destaining buffer.

Disulfide reduction solution (10X stock): 20 mM tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) in water. Dissolve 5.7 mg TCEP in 1 mL water. Prepare
fresh. Cover with aluminum foil and store at 4°C.

Cysteine alkylation solution (10X stock): 200 mM iodoacetamide (IAA) in
water. Dissolve 37 mg IAA in 1 mL water. Prepare fresh. Cover with aluminum
foil and store at 4°C.

Trypsin proteolytic digestion solution: 20 ng/uL trypsin. Dissolve 20 g
sequencing grade modified trypsin in 1 mL of aqueous 50 mM acetic acid to
prevent autolysis. Aliquot and store at —80 °C until use.

Peptide extraction buffer: 50 % acetonitrile, 0.01 % trifluoroacetic acid (TFA).
Add 10 pL TFA and 50 mL acetonitrile to water to make total volume of 100
mL.

LC-MRM solvent A: 2 % acetonitrile, 0.1 % formic acid in HPLC grade or LC-
MS grade water.
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LC-MRM solvent B: 90 % acetonitrile, 0.1 % formic acid in HPLC grade or LC-
MS grade water.

LC loading solvent: 2 % acetonitrile, 0.1% formic acid or 0.04% TFA in HPLC
grade or LC-MS grade water.

Autosampler syringe wash solvent: 2 % acetonitrile and 0.1 % formic acid in
water. All solvents must be degassed prior to use.

2.4 Instrument Configuration and Data Acquisition Parameters

1.

3. Methods

LC-MRM Instrument Parameters: The UPLC contains a refrigerated
autosampler, column compartment with switching valve, two pumps, and
degasser/solvent rack. Samples (5 pL) are loaded on the trapping column at 6
uL/min and washed for 5 min using a capillary scale loading pump. Then, the
two position six port valve is used to switch the trapping column in-line with the
analytical column described above. The LC gradient program is delivered at 300
nL/min by the nanoflow pump according to the program described below
(Section 3.2, Step 19).

The UPLC is connected to a triple quadrupole mass spectrometer, equipped with
a nanoelectrospray ion source operated in the positive ion mode; specific settings
include 2,400 V spray voltage from 10 um ID spray tips with 250°C transfer tube
temperature. The Q1 resolution is set to 0.4 m/z (LC-MRM screening) or 0.7 m/z
(for the final scheduled method), and Q3 resolution is set to 0.7 m/z.
Fragmentation is obtained with 1.5 mTorr argon. Each transition is monitored for
20 milliseconds.

Software: The instrument vendor data acquisition software (e.g. XCalibur 2.1
and TSQ Vantage) and vendor or academic data analysis software (e.g. Skyline
[29]) are required.

3.1 Target Selection and Refinement using Literature Review, Sequence Analysis Tools,
and In-House or Publically Available Data

1.

Literature review to determine comprehensive list of proteins associated with
pathway or process of interest (e.g. known protein-protein interactions, enzyme-
substrate relationships, efc.). See Note 4.

Use visualization software to build the network map of the targets (e.g. Map
Editor, GeneGO).

4For gathering the preliminary information related to proteins, pathways, and biological processes, it is important to understand that
our knowledge of biology is continuously growing and evolving. Additional protein interactions or novel post-translational
modifications can be discovered that would influence the selection of peptides and the interpretation of the data from these LC-MRM
assays. Literature review should be iterative throughout the assay development and implementation process.
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Literature review of relevant biological information about each protein (e.g.
highly homologous proteins, isoforms, splice variants, mutations, post-
translational modifications, efc.). See Note 4.

Review publically available data about protein separation and available antibody
reagents for comparative analysis/verification. Immunoprecipitation and western
blot data from literature or vendors are needed to predict the region of protein
migration in SDS-PAGE. If needed, adjacent regions are excised and evaluated
with LC-MRM.

Obtain the protein sequence from UniProt (http://www.uniprot.org/) and
publically available mass spectrometry data from PeptideAtlas (http://
www.peptideatlas.org/) [44] or PRIDE/ProteomeXchange (https://
www.ebi.ac.uk/pride/archive/) [45,46] /nter al. If sufficient MS data are
available, steps 6-30 can be omitted.

Use vendor or academic software (e.g. Skyline [29]) to predict tryptic peptides
and transitions (precursor peptide and fragment ion pairs) from canonical
sequences obtained from UniProt entries. Extensive tutorials are available online
(https://skyline.gs.washington.edu/labkey/project/home/software/Skyline/
begin.view).

Refine peptide selection to account for isoforms, modifications, and mutations of
the proteins, as needed. Select unique peptides by filtering against the relevant
background proteome (e.g. most current list of human entries in the UniProt
database).

Select doubly charged peptides between 7 to 25 amino acids in length and
exclude sequences containing the redox reactive residues, cysteine and
methionine, unless there are few other choices. Additional selection criteria may
eliminate sequences with adjacent or nearby tryptic cleavages sites or consensus
sequences for glycosylation sites. Long peptides may have multiple charge
states, which will result in signal splitting and poorer sensitivity; in addition,
these peptides have more fragmentation channels and may not have significant
amounts of signal in any one transition.

To select transitions for LC-MRM screening, we typically use y ions starting
from either y3 or yy > peptide m/z and ending with y (1) for initial LC-MRM
screens [32,47].

Export the .csv file containing the transition list (precursor m/z, fragment m/z,
collision energy, and retention time for scheduling) and import it into the
instrument method using the vendor-provided software.

3.2 LC-MRM Assay Development

1.

Select appropriate cell lines with high levels of protein expression for LC-MRM
assay development. Acquire cell lines from accredited vendors with specific
QA/QC metrics that routinely evaluate each cell line and culture them according
to the manufacturer’s instructions. As an example, these colon cancer cell lines

Methods Mol Biol. Author manuscript; available in PMC 2018 January 01.
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are grown to 70 % confluence in RPMI-1640 medium supplemented with 10 %
FBS and 1 % penicillin-streptomycin (10,000 U/mL) and incubated ina 5 %
CO, atmosphere at 37 °C.

2. To provide material for multiple experiments, harvest ten million cells (~1 mg
total protein) for each colon cancer cell line from two-dimensional culture after
washing with cold phosphate buffered saline (PBS) twice.

3. Lyse the cells in 8 M urea/100 mM ammonium bicarbonate buffer, pH 8, on ice.

4. Sonicate twice using 10 second pulses on ice and then centrifuge at 14,000 x g
for 10 min at 4 °C.

5. Pipette the supernatant of the clarified cell lysate into a new microcentrifuge tube
and measure the protein concentration by the Bradford assay (or micro-
bichinchoninic acid/BCA assay).

6. Obtain an aliquot of the cell lysate (50 pg) and mix with an appropriate amount
of concentrated Criterion XT sample buffer. Boil for 5 min for protein
denaturation prior to gel loading.

7. Choose an appropriate gel to resolve the MW range of interest (see Note 5). In
this experiment, separate proteins in 4-12 % Bis-Tris gels (Criterion XT) for ~80
min until dye front reaches bottom of gel at 150 V. The best quality separation is
needed to maximize protein enrichment and reduce the potential interference
with the peptides selected for the initial LC-MRM screening. For GeLC-MRM
analysis of tumor tissues, the gel separation is shortened and 5 regions are
excised (see Section 3.3 step 1).

8. Stain the gel with Coomassie Brilliant Blue G-250 in an aqueous solution of
10 % methanol/5 % acetic acid for 1 h and destain using the aqueous solution of
10 % methanol/5 % acetic acid for at least 3 h.

9. Excise the gel bands based on the predicted migration of the target proteins, and
chop the bands into 1 mm3 pieces.

10.  Add 20 pL of disulfide reduction solution (20 mM TCEP) and 180 pL of 50 mM
ammonium bicarbonate to the slices and incubate at 37°C for 15 min, add
another aliquot of TCEP and repeat incubation.

11.  Add 20 pL of alkylation solution 200 mM IAA and 180 L of 50 mM
ammonium bicarbonate to the slices and incubate in dark at room temperature
for 20 min, add 2" aliquot of IAA and repeat incubation.

12. Wash and dehydrate the gel slices with 200 L 50 mM ammonium
bicarbonate/50% methanol.

S5The precast gel selection for protein fractionation prior to LC-MRM should be based on the overall list of proteins and expected MW
ranges for their separation. This panel included large proteins > 100 kDa (e.g. receptor tyrosine kinases) and small proteins < 25 kDa
(e.g. Bel-2 family regulators of apoptosis), so the gradient gel (4-12 %) was the most appropriate choice.
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Add 20 pL of 20 ng/pL trypsin and 200 pL of 30 mM ammonium bicarbonate to
each sample and incubate at 37 °C overnight. Check that gel cubes are
submerged.

Recover supernatant and extract gel slices twice with 100 pL 50% acetonitrile/
0.01%TFA.

Concentrate the digested peptide solutions by vacuum centrifugation.
Resuspend in 30 uL of LC loading solvent for LC-MRM analysis.
Degas solvents A and B for nanoUPLC separation.

Load 5 pL of samples on the trap column at 6 uL/min and wash with loading
solvent for 5 min.

LC gradient program:

Time (min)  Duration (min) B (%)

0 0 5
35 35 50
37 2 90
42 5 90
43 1 5
53 10 5

Triple quadrupole instrument settings:

Nanoelectrospray voltage 2,400 V
10 um (ID)
Emitter tip
360 pm (OD)
Transfer tube temperature 250 °C

. 0.4 (screening)
Q1 resolution

0.7 (scheduled)
Q3 resolution 0.7
Collision gas pressure 1.5 mTorr
Scan time/transition 20ms

Evaluate data from LC-MRM screening along with publically available data. As
in discovery proteomics, the number of peptides identified in these screens is a
direct metric for the confidence that the user should have in the results (see Note
6 for additional details). The highest intensity peptides with multiple strong
transitions will produce the most sensitive assays. In addition, the elution
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position in the LC gradient and observation of potential interferences are also
useful in selecting the best peptide candidates for assay development.

22.  Synthesize or purchase at least one stable isotope-labeled standard (SIS) peptide
for each target protein based on the signal intensity and interference of the
detected peptides. Synthesis of the unlabeled tryptic peptide sequences is useful
for assay characterization, but not required (see Note 7).

23.  Estimate the purity and confirm the sequence for each synthetic or SIS peptide
with HPLC, MS, and MS/MS. Purify the peptides with a semi-preparative HPLC
system, if necessary.

24.  Perform amino acid analysis to quantify concentrations of stocks prepared for the
synthetic and SIS peptides.

25.  Perform manual infusion for the synthetic peptides on the triple quadrupole mass
spectrometer to determine the charge states observed in MS?, examine the
MS/MS fragmentation pattern, choose transitions and optimize collision energy.
Select 3 to 6 fragment ions with high signal intensity for each peptide. Compare
the selected fragment ions against those observed in the LC-MRM screens
described above.

26.  Characterize the peptides. If both the synthetic peptide and the SIS peptide were
synthesized, calibration curves in buffer and matrix (preferably not containing
the analyte of interest) with blanks and synthetic peptides from 10 amol to 100
fmol can help evaluate the limit of detection (LOD), upper and lower limits of
quantification (ULOQ, LLOQ) and to decide on the amount of SIS peptide
needed to mix with the biological samples as internal standard for quantification.
Therefore, the amounts or concentrations used to make the calibration curve
should include amounts expected from the biological samples. For example,
ERK2 (MKO01_HUMAN) is one of the 32 target proteins in gel region 4. We
synthesized the SIS peptide with labeled proline, GQVFDVGPR (P8: 13C515N),
for the corresponding proteolytic peptide from the endogenous protein and
monitored four transitions, ys, Ys, Vg, and y5, for both sequences to evaluate the
assay performance (Figure 2).

27.  Mix internal standards into higher concentration stock solutions based on the
proteins expected to be monitored in each gel fraction. Aliquot based on the
expected scale of your batches for the quantitative experiment and store at

6For evaluation of LC-MRM screening data and other data from publically available sources as part of assay development, single
peptide hits have had a poor success rate for generating an assay (~25 % of cases), but the best peptides selected from 5 or more
detected sequences almost always (~95 % of cases) did develop into useful assays. Data should also be considered with regard to the
number of tryptic peptides that could be detected from a given protein. The apoptosis-regulating proteins in this study would generate
only a few potential tryptic peptides amenable to LC-MRM, so the rationale for proceeding with assay development should remain
flexible enough to accommodate these issues.

The choice to synthesize the proteolytic peptide from the endogenous protein (without stable isotope-labeling) provides more
flexibility and more accurate assessment of the assay performance via calibration curves in buffer and matrix. However, reverse
calibration curves (varying the amount of SIS peptide in a sample with a known amount of endogenous protein) can also be used for
assay characterization. Note that interference may be more likely in the transitions for the proteolytic peptide from the endogenous
protein than in the transitions for the SIS peptide.
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-80 °C. As an example, if you expect to have 10 clinical samples with 2 controls
in each batch, aliquot enough peptide mix for 15 experiments.

Check the stability of the SIS peptides. For example, the peak area of both the
total and each transition of the peptides can be measured in 5 freeze-thaw cycle
increments to a total of 15 cycles and compared to the fresh aliquot. Long term
storage can also be evaluated by comparing results from the standard mix over
time against a freshly prepared standard. The Pierce Retention Time Calibration
peptide mix is useful for this task. The intensity of the individual peaks should
meet specific QC metrics, as should the ratios between the SIS peptide peak
intensities. These values will have to be determined for each set of analytes.

3.3. Assay Assembly and Verification in Cell Lines

1.

The gel separation parameters for the final assay (particularly the number of
excised regions or protein fractions) should balance throughput with effective
separation. LC-MRM transitions are organized and concatenated into a single
method for each SDS-PAGE region. Some proteins are monitored in the adjacent
gel sections if they are expected to migrate at the edge of the excised region or
have multiple isoforms with different MWs. Rather than excising individual gel
bands, the gel run is shortened and 5 regions are excised using the MW markers
and overall staining pattern of the cell lysates and tissue homogenates (Figure 3).

In order to sample this number of peptides, the LC-MRM must be scheduled,
meaning that peptides are not monitored for the entire experiment only during
the expected elution time. If a peptide peak is expected to elute at 30 min, the
instrument should be programmed to measure those transitions for a small
window around that time. For cell lines, variability is less of an issue, so the time
window could be less than 2 min. For complex clinical samples, the time window
may need to be as wide as 5 min, depending on the quality of the samples and
the reproducibility of the LC. We typically err on the side of expanding the time
window, because signals not sampled lead to missingness in the data. In this
project, the window is set to 5 min, because that enables sufficient sampling (>
10 points in each peak) even for the largest number of measurements: 1,150
transitions of 236 peptides from 32 target proteins in gel region 3 (MW 70-120,
Figure 3).

Prepare appropriate concentrations of cell lysate from each selected cell line and
load 5, 10, 20, 50 and 100 pg of total protein into different gel lanes for
fractionation and excision according to Section 3.3, step 1, following the steps in
Section 3.2 to prepare protein fractions for LC-MRM. After concentrating the
digested samples, resuspend the dried samples in 30 uL of the LC loading buffer
containing the appropriate mix of SIS peptides for each gel fraction. For this
project, highly characterized HCT116 and HT29 cell lines were selected for this
experiment. Additional cell lines can be selected for larger scale verification of
the multiplexed LC-MRM assay performance. We expanded our analysis to
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include SW620, SW480, HCT15, HCT116, DLD1, HT29, KM12SM, KM12C,
Colo205 and KM12 (Figure 4).

3.4 Tumor Tissue Selection, Sectioning, and Evaluation

1.

Obtain the frozen tumor tissues from a tissue bank or via a prospective research
protocol. A discussion of sample selection criteria is provided in Note 8. In this
particular case for colon cancer research, colon tumor tissues are acquired from
Moffitt’s institutional Total Cancer Care Biorepository based on the following
criteria: (i) adenocarcinoma of the colon; (ii) stage 111 or stage 1V; (iii) age < 90;
(iv) collected at Moffitt; (v) > 90 % tumor; (vi) no prior treatment; (vii) > 10 mg
frozen tumor tissue banked; (viii) gene expression profile data complete (n = 372
available); (ix) cellularity > 70 %,; (x) tumor/malignancy > 70 %,; (xi) processing
time/ischemia < 20 min.

Cut 5 serial sections from each frozen tissue block. Full embedding in optimal
cutting temperature (OCT) medium is acceptable for these tissue sections,
because it is removed prior to processing (see Section 3.5, steps 2—4). Tissue
sections 1 and 5 will be prepared at 5 um thickness and stained with hematoxylin
and eosin (H&E) for pathology review to evaluate the consistency of histology
though the sectioned depth of the tissue. Tissue sections 2—4 are cut with 25 um
thickness and saved in individual 0.5 mL Eppendorf tubes and stored at —80 °C
for GeLC-MRM analysis. Additional sections can be excised based on the total
material of the tumor tissue and experimental design for additional confirmatory
tests such as immunohistochemistry of specific biomarkers or laser capture
microdissection of tumor cells. Remaining material from each tumor could also
be used for genomic characterization.

Hematoxylin and Eosin stained (H & E) slides for each tissue specimen must be
reviewed by a board certified pathologist (D.C.) of appropriate specialization to
confirm the tumor type, grade and other pertinent parameters. Proportions (%) of
the following tissue components will be estimated: Malignancy (tumor cells,
stroma, necrosis, and pre-neoplastic lesions or adenoma), normal tissue (smooth
muscle, colon epithelium), abnormal tissue (acute or chronic inflammation,
fibrosis, ulceration, efc.) and benign neoplastic tissue. Evaluate consistency of
slides 1 and 5 to make sure that the tissue content and distribution do not change
significantly throughout the tissue samples.

Scan the H&E stained tissues with a whole slide scanner (e.g., ScanScope XT,
Aperio) for archiving and annotation.

Automated image analysis is optional, but it can be useful to calculate the areas
of the tissue components from Section 3.4, Step 3 to supplement the
pathologist’s review. In addition, training a pattern recognition algorithm (Genie,
Aperio) to differentiate cellular components, stromal components, and blank

8Appropriate criteria need to be applied for tissue sample selection. These choices are even more important for evaluation of samples
collected across different sites or under different protocols; these projects can include potential confounding variables that are not
observed under highly controlled single institution prospective collections under one unified protocol.
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background enables rapid analysis of tissue content to further select the highest
quality specimens. The algorithm has been applied to the entire slide’s digital
image to determine the percentage of each tissue type by area (um?2) and to then
calculate the amount of protein extracted per unit of tissue area for each
specimen (Figure 5).

3.5 Tumor Tissue Sample Preparation for LC-MRM

1.

In this experiment, individual tumors are assessed, so the clinical samples are
randomized. In paired experiment designs (e.g. tumor/normal or pre-/post-
treatment samples from the same patient), linked samples should be blocked
together and then randomized. Cell lines or tumor tissue pools, when available,
(frozen aliquots of the same biological sample) are analyzed with each batch of
10 clinical samples as quality control samples for instrument performance. In
general, these experiments should precede clinical sample analysis to enable
interruption in the case of errors in sample preparation or poor instrument
performance.

Keep the samples on ice to melt optimal cutting temperature (OCT) medium (< 5
minutes). Note that this step should be modified for any measurement other than
protein expression, because post-translational modifications may be significantly
impacted by this processing.

Centrifuge the samples at 14,000 x g for 10 min.
Discard the OCT supernatant and keep the tissues in original tubes. Additional

washes with cold ethanol can further remove OCT without significant loss of
protein.

Add 50 pL 8 M urea/100 mM ammonium bicarbonate buffer, pH 8, to each tissue
and follow the steps in Section 3.2 to prepare protein fractions for LC-MRM.
After concentrating the digested samples, resuspend the dried samples in 30 pL
of LC loading buffer with the appropriate SIS peptide mix for each gel fraction.

LC-MRM analysis is performed in triplicate. (See Note 9).

3.6 Quality Control and Data Analysis

1.

Import the raw data to analysis software (¢.g. Skyline) and manually evaluate all
peak selections.

Compare the retention time and fragmentation pattern (either by transition rank
or relative intensity) of proteolytic peptides from the endogenous protein and the
corresponding SIS peptides. Retention times should match exactly. Fragment ion
ratios should be consistent with specific QC metrics (e.g. 5% variability), but
transitions with significantly lower signal intensity may deviate more.

9Prior to analysis of clinical samples, cleaning, tuning and calibration of the mass spectrometer are recommended. For large scale
datasets, the UPLC columns should be replaced, conditioned, and tested prior to sample analysis. Routine injections of the cell lysates
samples are ideal for these quality control steps.
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Export the peak area values for individual transitions and the summed totals to
a .csv file for analysis.

Plot the peak areas for SIS peptides across the entire sample set. Examine any
variations within a batch and between batches. Start by comparing the cell line or
pooled standard samples included in each batch and continue to the individual
clinical samples. Outliers should be marked and may need to be discarded based
on poor instrument performance. If signal for the SIS peptides is less than 50 %
of the average in a given sample, it should likely be evaluated thoroughly and
potentially removed from the dataset. If trends are observed, investigate possible
causes (e.g. loss of instrument sensitivity over long analysis period or selection
of samples with poor cellularity concentrated into a batch).

Measure ratios between the peak areas of SIS peptides or rank them by intensity
to examine whether any of the SIS peptides is decreasing in ion signal.

Compare the data from cell line QC between batches to examine any changes in
the performance of the assays.

Calculate the levels of protein expression using the ratio of proteolytic peptide
and SIS peptide ion signals, the amount of the SIS peptide spiked into the
sample, the fraction of the sample analyzed by LC-MRM, and the amount of
protein loaded into the gel (output value in fmol/ug total protein). Sum the
concentrations over multiple gel bands, when the peptide is detected in two
GeLC-MRM fractions or treat these two measurements separately, when
appropriate. Place values for proteolytic peptide signal, SIS peptide signal, and
calculated estimate of protein expression into 3 matrices for statistical analysis.

Using Matlab R2009b or an equivalent software program, examine data sampling
distribution using scatter plots and histograms both in original scale of the raw
data and after log, transformation prior to determining whether parametric or
nonparametric analyses should be applied.

Batch-to-batch normalization is optional, depending primarily on the data
quality. While each SIS peptide is used to calculate the level of protein
expression in every individual sample, batch-to-batch variation in the cell line
data could be used as another normalizing factor, particularly if SIS peptides are
not included or not observed for each analyte. Examine and normalize the
clinical samples across multiple batches using internal standards and the peptide
concentrations across the same cell line QC samples. These QC cell lines are
evaluated in each batch and can be used to make sure the data are comparable
between batches.

Lower limits of quantification (LLOQ) determined for each peptide in Section
3.2, step 26 can be used to filter out protein expression levels below the LLOQ,
which are detectable but not quantifiable.

Identify outliers from each set of 3 technical replicates for each peptide. A
replicate is identified as an outlier using the following criteria: i) the distance
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from the outlier to the median is over twice the distance of the median from the
remaining data point or ii) if the CV is > 20 %. The outliers were removed and
treated as missing data.

Flag peptides with reliable detection in <50 % of the (tissue or cell line) samples,
as conclusions drawn from these peptides should be interpreted with caution.

Perform quality control for samples (see Note 10). Central tendency, range,
variability of all peptide expression levels and also the number of missing
peptides are summarized for each sample. Overall expression levels across
samples were visualized using boxplots heat maps. As an example, tissue
samples with either lower protein expression levels or a high proportion of
missing peptides (>30 %) should be flagged for repeat analysis and review of the
histology.

Calculate the average of technical triplicates which passed the QC for each
biological sample. Log, average concentration from each biological sample is
used in further analyses. Log, transformed peptide data are often normally
distributed (and therefore parametric analyses can be applied). In addition, when
comparing the expression levels between two groups, the interpretation is
straightforward.

Imputation of missing values is optional; alternatively, analytes with high
missingness may need to be discarded or treated as a simple positive/negative
readout. For analyses that are not capable of handling missing values, such as
cluster analyses, when all three technical replicates of a sample were missing,
they are replaced with the overall lowest detected concentration from all samples
and peptides. However, other common imputation methods such as K-nearest
neighbor method could be performed to impute missing values.

Perform hierarchical clustering analyses of the peptide expression levels and
visualize the results in a heat map along with a dendrogram to explore
relationships between proteins and tumor samples (Figure 6). This helps to
visualize peptides at all levels of expression across tissues/cell lines and examine
reproducibility across technical replicates. Cluster 3.0 (http://bonsai.hgc.jp/
~mdehoon/software/cluster/software.htm) and Java TreeView (http://

101 quality control indicates problems with the datasets, troubleshooting can include the following steps:

Problem Solution
Pathology report has high stroma/necrosis in tissue Discard the sample as most target proteins are from tumor cellularity.
sample

Loss of Signal for SIS peptide

Discard this data or perform relative quantification by normalizing with an
adjacent SIS peptide with similar signal intensity

Poor data for all proteins in a sample Check histology of the patient sample and analyze another section

Batch-to-batch variability

Normalize data from the tissue samples by using the data from QC cell line
samples
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jtreeview.sourceforge.net/) [48] are available freeware that can be used for this
step. TreeView heat maps can be exported as PostScript files (.ps), which can be
converted to PDF using GSview (http://pages.cs.wisc.edu/~ghost/gsview/) and
then into images with Inkscape (https://inkscape.org/en/).

17.  Perform statistical analyses (e.g., using t-tests or ANOVA) to test specific
hypotheses, including, but not limited to mapping protein expression levels
against transcript expression levels or known mutational status or relating protein
expression levels with patient survival outcomes or responses to therapy. Note 11
includes additional discussion of the expected outcomes.
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Figure 1. Interaction Map of Selected Targets from Cancer Signaling Pathways
Selected functional relationships between proteins are displayed using the MapEditor

function of GeneGO.
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Figure 2. MKO01 Quantification in HCT116 Cell Lysate Serial Dilutions
LC-MRM analysis of the GQVFDVGPR peptide (red) and the corresponding SIS peptide

(blue) in serial dilutions of HCT116 cell lysate created by loading different amounts of total
protein (from 5-100 pg) for SDS-PAGE (A). Relative intensities for each transition (ys, ys-
y7) observed for GQVFDVGPR (B) and the SIS peptide (C). Response curve and the
equation for quantification of peptide GQVFDVGPR from MKO01 (D).
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Gel Proteins | Peptides | Transitions
Mw
250
2 17 144 695
150
100
75 32 236 1150
50 32 194 933
37
10-25 28 88 438

Regions 1-3: APC (YSDEQLNSGR)

Regions 1-2: ERBB3 (LTFQLEPNPHTK), TOR (LFDAPEAPLPSR)

Region 2: CD44 (FAGVFHVEK), ERBB2 (VLQGLPR, ELVSEFSR)

Regions 2-3: PGFRA (ELDIFGLNPADESTR), PGFRB (DQLVLGR),

VGFR1 (AVSSFPDPALYPLGSR), VGFR2 (YLGYPPPEIK), VGFR3
(SGVDLADSNQK), SOS1 (EINSPNLLK), SOS2 (HAFELVSK), MET (VADFGLAR),
EGFR (YLVIQGDER), IRS1 (H-TQRPGEPEEGAR), IRS4 (EVSYNWDPK), IGF1R
(SEILYIR)

Region 3: AXN1 (LLLETAAPR), AXN2 (STETVDSGYR), CADH1 (VTEPLDR),
CTNA1 (SDALNSAIDK), CTNB1 (EGLLAIFK, AIPELTK), FAK1 (SLLDSVK), FAK2
(SNFELLEK), BRAF (IGDFGLATVKSR, IGDFGLATVK, NEVGVLR), RAF1
(APVSGTQEK), ARAF (IGTGSFGTVFR), NFkB1/p105 (AGADLSLLDR),
NFxB2/p100 (AGAGAPELLR),

Regions 3-4: RELA/p65 (GSFSQADVHR), RELB (ADFSQADVHR), SRC8
(ANFENLAK), 2AAA (AVGPEITK), 2AAB (VLELDSVK), SHC1 (ALDFNTR)
Region 4: 2ABA (ILHTAWHPK), SRC (LLLNAENPR), CSK21
(QLYQTLTDYDIR), GSK3B (QTLPVIYVK), MYC (DQIPELENNEK), TCF7
(LPEPLEDGLK), KC1A (LFLIDFGLAK), CSK22 (VLGTEELYGYLK), MK01
(GQVFDVGPR), MK03 (ALDLLDR), MP2K1 (IPEQILGK), MP2K2 (IPEEILGK),
PTEN (GVTIPSQR), MITF (ELGTLIPK), STK11 (IDSTEVIYQPR), AKT1
(SLLSGLLK), AKT2 (HPFLTALK), AKT3 (TDGSFIGYK), MCL1 (QSLEIISR),
NFkB1/p50 (NIHLHAHSLVGK), NFkB2/p52 (QYAIVFR)

Regions 4-5: PP2A (YSFLQFDPAPR), MMP7 (DLPHITVDR), CDK2
(VVPPLDEDGR), CDK4 (VPNGGGGGGGLPISTVR), CCND1 (FLSLEPVK)
Region 5: CSK2B (FNLTGLNEQVPHYR), RASK (SFEDIHHYR), RASH
(SYGIPYIETSAK), RASN (SFADINLYR), panRAS (LVVVGAGGVGK), CD2A1
(ALLEAGALPNAPNSYGR), Bcl-2 (FATVVEELFR), Bcl-X (EAGDEFELR), Bad
(GLGPSPAGDGPSGSGK), Bim (IGDEFNAYYAR), Bok (AAFFVLLPER), Bak
(QLAIIGDDINR), BAX (TGALLLQGFIQDR), Bid (IEADSESQEDIIR), Bfl-1
(VLQNVAFSVQK), BCL-w (AAGDEFETR)

Figure 3. Gel Band Excision Pattern using Bio-Rad Pre-stained MW Markers with
Corresponding Numbers of Monitored Proteins, Peptides, and Transitions

Five gel regions are cut with the following MW ranges: 1: > 250 kDa, 2: 120-250 kDa, 3:
70-120 kDa, 4: 30-70 kDa, and 5: < 30 kDa. Guided by the markers and the gel staining,
horizontal cuts are made at top of the 250 kDa MW marker, halfway between the 100 and
150 kDa markers, halfway between the 50 and 75 kDa markers, below the 37 kDa marker,
and below the dye front, as shown by the red boxes overlaid on the gel image.
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Figure 4. Heat Map and Dendrograms for the Comparison of Protein Expression in Colon

Cancer Cell Lines
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Colo205 and KM12 cells were analyzed. Blue indicates lowest expression levels, while red

indicates highest protein expression; grey indicates that the peptide was not observed.
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Figure 5. Example Tissue Image and Evaluation
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An example H&E slide for a colon adenocarcinoma tissue (A) is shown. Automated whole
slide tissue evaluation (B) by an in-house algorithm created using Genie (Aperio) indicates
areas of cellularity (green), stroma (yellow), and background (pink). Additional views at
higher magnification show the relative effectiveness of the assignment (C—F). Correlation
plots are shown for comparison of the pathologist’s evaluations of tumor epithelium and
stroma and the Genie recognition of cellularity (G) and stromal components (H). Tissue area
is predictive of total protein obtained from tumor homogenate in 25 pm sections (1).
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Figure 6. Heat Map and Dendrograms for Comparison of Protein Expression in Colon Tumor
Tissues

Blue indicates lowest expression levels, while red indicates highest protein expression; grey
indicates that the peptide was not observed.
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