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Abstract

Reference materials are vital to benchmarking the reproducibility of clinical tests and essential for 

monitoring laboratory performance for clinical proteomics. The reference material utilized for 

mass spectrometric analysis of the human proteome would ideally contain enough proteins to be 

suitably representative of the human proteome, as well as exhibit a stable protein composition in 

different batches of sample regeneration. Previously, The Clinical Proteomic Tumor Analysis 

Consortium (CPTAC) utilized a PDX-derived comparative reference (CompRef) materials for the 

longitudinal assessment of proteomic performance; however, inherent drawbacks of PDX-derived 

material, including extended time needed to grow tumors and high level of expertise needed, have 

resulted in efforts to identify a new source of CompRef material. In this study, we examined the 

utility of using a panel of seven cancer cell lines, NCI-7 Cell Line Panel, as a reference material 

for mass spectrometric analysis of human proteome. Our results showed that not only is the NCI-7 

material suitable for benchmarking laboratory sample preparation methods, but also NCI-7 sample 

generation is highly reproducible at both the global and phosphoprotein levels. In addition, the 

predicted genomic and experimental coverage of the NCI-7 proteome suggests the NCI-7 material 

may also have applications as a universal standard proteomic reference.
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INTRODUCTION

The clinical proteomic analysis of tumor specimens seeks to improve our understanding of 

cancer via the integration of genomic information with tumor proteome characterization. 

Building upon The Cancer Genome Atlas (TCGA) initiative, which sought to identify 

genomic alterations in multiple tumor types, the Clinical Proteomic Tumor Analysis 

Consortium (CPTAC) leverages highly innovative proteomic approaches and advanced mass 

spectrometry instrumentation to comprehensively profile differences in protein expression 

and protein post-translational modifications, among individual tumors and nontumor tissue 

samples. Utilizing a proteogenomic approach, linking protein and genomic information, the 

analysis of colorectal, ovarian, and breast cancers has yielded novel observations in the 

biology of these respective tumors.1–3

To evaluate the performance of mass spectrometry analysis at Proteome Characterization 

Centers (PCCs), as well as longitudinally monitor workflow performance, a comparative 

reference material (“CompRef’) was generated using patient-derived breast cancer tumor 

xenografts (PDXs). In a previous study, this CompRef material was utilized to examine 

intralab and cross-center reproducibility of data generation across six different platforms 

employing distinct mass spectrometry instrumentation and/or protein quantitation strategies.
4,5 In addition, in the CPTAC studies examining colorectal, ovarian, and breast cancer, 

respectively, the xenograft CompRef material was interspersed during clinical tumor 

analysis as reference standard.6 Although PDXs models are highly representative of the 

tumor’s heterogeneity and microenvironment,7 implantation requires a high level of 

technical skill, and tumor growth can be slow.8 In addition, the model animal tumor burden 

can limit the total tumor size, which can impact overall tumor tissue yield. This latter aspect 

is especially concerning in the context of generating a sufficient amount of material as a 

standard reference for multicenter analysis pipelines, and may require the sacrifice of a large 

number of animals.

The NCI-60 Cell Line Panel was initially established as an in vitro drug-discovery screening 

platform,9 and more recently the molecular characteristics of the individual cell lines in the 

panel, including, gene mutation analysis,10 whole exome sequencing,11 methylation 

patterns,12 mRNA transcription profiles,13 and protein expression,14,15 have been examined. 

To facilitate access to these large data sets for the wider scientific community, the web-based 

database annotation tool CellMiner was developed,16 and recently expanded to include web-

based tools that allow researchers to integrate these genomic, transcriptomic, protein, and 
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pharmacological profiles.17 Over the past few decades, the NCI-60 Cell Line Panel has been 

an invaluable resource of the oncology research community, identifying novel anticancer 

compounds, in addition to its contributions to our understanding of cancer biology.18 

Ironically, the longevity of the NCI-60 Cell Line Panel has impacted its future success in 

drug screening, as the cell lines have adapted to cell culturing and led some researchers to 

question the panel’s future role in drug discovery, with PDXs models suggested to be more 

reflective of in vivo tumor response.9 Still, researchers have continued to develop novel 

strategies to examine the NCI-60 Cell Line Panel, in addition to other cell lines, illustrating 

additional benefits of using these cell line models in cancer-related studies.19,20

Reference material derived from cell culture models, such as the NCI-60 Cell Line Panel, 

has the potential to address some of the previous cited drawbacks of PDX models, 

specifically growth time and tumor tissue yield, in addition to being more economical in 

terms of expense.21–23 A single cancer cell line may not be sufficient to reflect the protein 

profile of a tumor in it is entirely, thus utilizing multiple cell lines from a variety of tissue 

types would allow for extensive coverage of protein expression. At the other extreme, the 

use of the entire NCI-60 panel as a reference material would be complex and impractical. To 

determine whether a subset of cell lines selected from the NCI-60 Tumor Cell Line can be 

used as a new reference material to evaluate proteomic performance, we employed 

quantitative proteomics to evaluate sample preparation and mass spectrometry analysis 

reproducibility, as well as examining the coverage of the human cancer proteome using the 

NCI-7 Cell Line Panel.

METHODS

Chemicals and Materials

Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless specified otherwise. 

C18 analytical LC column (Nano-Viper, 75 μm, 150 mm, 2 μm particle size) were from 

Fisher Scientific (Waltham, MA). C18 SepPak columns were purchased from Waters 

Corporation (Milford, MA), Trypsin and Trypsin/Lys-C Mix (mass spectrometry (MS) 

grade) was ordered from Promega Corporation (Madison, WI), and Lys-C was from Wako 

Laboratory Chemicals, USA (Richmond, VA). All cell lines (A549, COLO205, NCI H226, 

NCI H23, T-47D, CCRF-CEM and RPMI 8226) were purchased from American Type 

Culture Collection (ATCC, Manassas, VA). RPMI 1640 media and heat inactivated FBS 

were from Life Technologies (Grand Island, NY); L-Glutamine was from Lonza (Walkers-

ville, MD).

Cell Culturing

All cell lines were grown in RPMI 1640 medium supplemented with 10% HI FBS, and 1% 

L-Glutamine in a humidified air incubator with 5% CO2 at 37 °C. All cells lines were seeded 

on T75 flask and grown to 90% confluence before being transferred to a larger T150 flask 

and maintained.
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Generation of NCI-7 Reference Material

All cell lines grown to 90% confluence, washed with a volume of PBS twice, scrapped, 

collected and centrifuged at 3000g. Individual cell pellets were resuspended in lysis buffer (8 

M urea, 75 mM NaCl, 50 mM Tris, pH 8.0, 1 mM EDTA, 2 μg/mL aprotinin, 10 μg mL 

leupeptin, 1 mM PMSF, 10 mM NaF, Phosphatase Inhibitor Cocktail 2 and Phosphatase 

Inhibitor Cocktail 3 (1:100 dilution), and 20 μM PUGNAc), and homogenized using a 

Branson Sonifier 250 probe sonicator (Danbury, CT) with a Duty Cycle of 10%, Output 

Control 1 with a 10 s/50 s ON/OFF cycle (n = 5). Samples were centrifuged at 20 000g and 

the resulting supernatant retained, and protein concentration was measured via BCA Protein 

Assay. One mg of protein from each cell line was mixed to generate the NCI-7 reference 

material.

Generation of PDX (P32/P33) CompRef Material

Growth and preparation of PDX material has been described previously.1,2 Cryopulverized 

tissue was resuspended in lysis buffer (8 M urea, 75 mM NaCl, 50 mM Tris-HCl, pH 8.0, 1 

mM EDTA, 2μg/mL aprotinin, 10 μg mL leupeptin, 1 mM PMSF, 10 mM NaF, Phosphatase 

Inhibitor Cocktail 2 and Phosphatase Inhibitor Cocktail 3 (1:100 dilution), and 20 μM 

PUGNAc), and homogenized using a Branson Sonifier 250 probe sonicator (Danbury, CT) 

with a Duty Cycle of 10%, Output Control 1 with a 10 s/50 s ON/OFF cycle (n = 5). 

Samples were centrifuged at 20 000g and the resulting supernatant retained, and protein 

concentration was measured via BCA Protein Assay.

Peptide Digestion, Tandem-Mass-Tag Labeling, and Off-Line Fractionation

Both NCI-7 cells and PDX CompRef protein lysates were subjected to the same digestion, 

Tandem-Mass-Tag (TMT) labeling, and off-line fractionation conditions unless otherwise 

noted. Protein lysates were subjected to reduction with 5 mM 1,4-Dithiothreitol for 30 min 

at RT, followed by alkylation with 10 mM iodoacetamide for 45 min at RT in the dark. Urea 

concentration was reduced <2 M using 50 mM Tris-HCl, pH 8.0. For NCI-7 samples, LysC/

Trypsin was added in an enzyme to substrate ratio of 1:40 and samples incubated overnight 

at 37 °C, while PDX CompRef samples were subjected to tandem digestion of Lys-C (1:50) 

for 2 h at RT followed by trypsin (1:50) overnight at RT. The generated peptides were 

acidified to a final concentration of 1% formic acid, subjected to cleanup using C-18 SepPak 

columns (Waters), and then dried. Desalted peptides were labeled with 10-plex TMT 

reagents following manufacturer’s instructions. Peptides were resuspended in 50 mM 

HEPES, pH 8.5 and labeled with TMT reagent resuspended in anhydrous acetonitrile for 1 h 

at RT. The reaction was quenched using 5% hydroxylamine at RT for 15 min, and 

differentially labeled samples combined. The pooled peptides were then subjected to cleanup 

using C-18 SepPak columns and dried down. The desalted, TMT-labeled samples were 

reconstituted in a volume of 20 mM ammonium formate (pH 10) and 2% acetonitrile (ACN) 

and loaded onto a 4.6 mm × 250 mm RP Zorbax 300 A Extend-C18 column with 3.5 μm 

size beads (Agilent). Peptides were separated using an Agilent 1200 Series HPLC 

instrument using basic reversed-phase chromatography with Solvent A (2% ACN, 5 mM 

ammonium formate, pH 10) and a nonlinear gradient of Solvent B (90% ACN, 5 mM 

ammonium formate, pH 10) at 1 mL/min as follows: 0% Solvent B (9 min), 6% Solvent B (4 
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min), 6% to 28.5% Solvent B, (50 min), 28% to 34% Solvent B (5.5 min), 34% to 60% 

Solvent B (13 min), and then held at 60% Solvent B for 8.5 min. Collected fractions were 

concatenated as reported previously;24 5% of each the 24 fractions was aliquoted for global 

proteomic analysis, dried down, and resuspended in 3% ACN, 0.1% formic acid prior to 

ESI-LC–MS/MS analysis. The remaining sample was utilized for phosphopeptide 

enrichment.

Phosphopeptide Enrichment

The remaining 95% of the sample were further concatenated prior to phosphopeptide 

enrichment using immobilized metal affinity chromatography (IMAC) as previously 

described.24 In brief, N-NTA agarose beads were utilized to prepare Fe3+-NTA agarose 

beads, and then 300 μg of peptides reconstituted in 80% ACN/0.1% trifluoroacetic acid were 

incubated with 10 μL of the Fe3+-IMAC beads for 30 min. Sample were then spun down and 

the supernatant containing unbound peptides was removed. The beads were washed twice 

and then loaded onto equilibrated C-18 Stage Tips with 80% ACN, 0.1% trifluoroacetic acid. 

Tips were rinsed twice with 1% formic acid, followed by sample elution off the Fe3+-IMAC 

beads and onto the C-18 State Tips with 70 μL of 500 mM dibasic potassium phosphate, pH 

7.0 three times. C-18 Stage Tips were washed twice with 1% formic acid, followed by 

elution of the phosphopeptides from the C-18 Stage Tips with 50% ACN, 0.1% formic acid 

twice. Samples were dried down and resuspended in 3% ACN, 0.1% formic acid prior to 

ESI-LC–MS/MS analysis.

Nano-ESI-LC-MS/MS Analysis

As noted in the manuscript, two ESI-LC–MS/MS systems were used. For samples run on the 

Q Exactive HF system, 1 μg of peptide was separated utilizing a nanoACQUITY UPLC 

system (Waters) on an in-house packed 20 cm × 75 μm diameter C18 column (5 μm 

ProntoSil C-18-AQbeads (Bishoff Chromatography); Picofrit 10 μm opening (New 

Objective)). The column was heated to 50 °C using a column heater (Phoenix-ST). The flow 

rate was 0.300 μL/min with 0.1% formic acid in water (A) and 0.1% formic acid, 90% 

acetonitrile (B). The peptides were separated with an 8–45% B gradient in 70 min and 

analyzed using the Thermo Q Exactive HF mass spectrometer (Thermo Scientific). 

Parameters were as followed MS1: resolution, 120 000; mass range, 350–1800 m/z; AGC 

Target 3.0 × 106; Max IT, 50 ms; charge state include 2–6; dynamic exclusion, 15 s; top 15 

ions selected for MS2. MS2: resolution, 60 000; high-energy collision dissociation activation 

energy (HCD), 32; isolation width (m/z), 1.0; AGC Target, 1.0 × 105; Max IT, 150 ms. For 

samples run on the Orbitrap Lumos Fusion system, 1 μg of peptide was separated using Easy 

nLC 1200 UHPLC system (Thermo Scientific) on an in-house packed 20 cm × 75 μm 

diameter C18 column (1.9 μm Reprosil-Pur C18-AQbeads (Dr. Maisch GmbH); Picofrit 10 

Um opening (New Objective)). The column was heated to 50 °C using a column heater 

(Phoenix-ST). The flow rate was 0.300 μL/min with 0.1% formic acid and 2% acetonitrile in 

water (A) and 0.1% formic acid, 90% acetonitrile (B). The peptides were separated with a 

6–30% B gradient in 84 min and analyzed using the Thermo Fusion Lumos mass 

spectrometer (Thermo Scientific). Parameters were as followed MS1: resolution, 60 000; 

mass range, 350–1800 m/z; RF Lens, 30%; AGC Target 4.0 × 105; Max IT, 50 ms; charge 

state include 2–6; dynamic exclusion, 45 s; top 20 ions selected for MS2. MS2: resolution, 
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50 000; high-energy collision dissociation activation energy (HCD), 37; isolation width 

(m/z), 0.7; AGC Target, 2.0 × 105; Max IT, 105 ms.

Determination of Gene Expression of NCI-60 and NCI-7 Cell Lines

The gene expression of NCI-60 Cell Lines was determined by the transcript data sets 

download from the publicly available CellMiner Web site (https://discover.nci.nih.gov/

cellminer/home.do). The RNA_5_Platform_Gene_Transcript_Average_intensities sheet was 

selected to be applied in the following analysis. For each cell line, the 25 percentile value of 

intensities of all the genes across all cell lines was used as a threshold to filter and reserving 

only the relatively strong signals of mRNA expression (Table S1 and S2). A minimal set of 

cell lines having most gene IDs represented from the whole genome was generated by a 

greedy algorithm of calculating the best gene coverage iteratively. After selection of the first 

ranked cell line, the algorithm added additional cell lines into the set based on the number of 

uncovered genes compared to all other remaining cells lines until gene coverage was 100% 

or beyond a predefined threshold (Table S3). Coverage for the selected cell lines for the 

NCI-7 Cell Line Panel was determined by identifying the gene expression of the individual 

cell lines using the same filtering criteria (Table S4), divided by the total number of reported 

genes in the human genome and expressed genes in the NCI-60 Cell Lines (Table S5). To 

facilitate identifying the coverage of the NCI-7 proteome, the Entrez Gene ID for the human, 

NCI-60, and NCI-7 genomes were converted to RefSeq IDs using the bioinformatic software 

tool DAVID (Database for Annotation and Integrated Discovery) (v 6.8).25,26

Data Analysis for Protein Identification and Quantification

All LC–MS/MS files were analyzed by a cloud-based proteomic pipeline developed in Johns 

Hopkins University to perform database search for spectrum assignments using MS-GF+ in 

this study against a combined human and mouse RefSeq database (version 20160914).27,28 

A decoy database was used to assess the false discovery rate (FDR) at PSM, peptide and 

protein levels.29 Peptides were searched with two tryptic ends, allowing up to two missed 

cleavages. Search parameters included 20 ppm precursor tolerance and 0.06 Da fragment ion 

tolerance, static modification of carbamidomethylation at cysteine (+57.02146), TMT-label 

modification of N-terminus and lysine (+229.16293) and variable modifications of oxidation 

at methionine (+15.99491) and phosphorylation at serine, threonine, and tyrosine 

(+79.96633). Filters used for global data analysis included one PSM per peptide and two 

peptides per protein, with a 1% FDR threshold at the protein level. Filters used for 

phosphoproteome data included one PSM per peptide and one peptide per protein, with a 1% 

FDR threshold at the peptide level. The mass spectrometry proteomics data have been 

deposited to the ProteomeXchange Consortium via the PRIDE partner repository30 with the 

data set identifier PXD008952 and DOI: 10.6019/PXD008952.

RESULTS AND DISCUSSION

Determining Coverage of the Human Genome by the NCI-7 Cell Line Panel

The NCI-7 Cell Line Panel is comprised of the cell lines NCI-H23, RPMI-8226, T47D, 

A549, COLO205, NCI-H226, and CCRF CEM, which are representative of several tissues 

and various genetic mutations (Table 1). Extensive genomic profiling of the NCI-60 cell 
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lines has been performed previously utilizing a variety of analysis platforms and pipelines.
10,11,13 our analysis, we examined the “5 Platform Gene Transcript” data set from CellMiner 

to determine the genes expressed by the individual cell lines in the NCI-60 Cell Line Panel. 

Utilizing our filtering criteria as described in the Methods section to identify gene 

transcripts, we plotted the individual cell lines against the number of their respective unique 

genes expressed; ranking the NCI-60 Cell Line Panel in order of their coverage of the human 

genome (Figure 1), and selected seven cell lines that were readily available from ATCC. We 

found that 7 cell lines (NCI-7 Cell Line Panel) from the NCI-60 Cell Line Panel represented 

92% of the NCI-60 Cell Line expressed genome, as well as representing 88% coverage of 

the entire human genome (Table S5).

Assessing Regeneration Reproducibility of NCI-7 Cell References

One of the critical assessment for reference materials is whether the materials can be stably 

regenerated even after an extended period of time. Extended passaging of a single cell line 

has been shown to result in phenotypic and genotypic alterations that can influence protein 

expression.31 To circumvent this drawback of cell lines, recommendations include limiting 

cell culturing to time periods less than three months and obtaining new cell aliquots from a 

cell bank.32 Moreover, we hypothesized that by generating a reference material from several 

cell lines we might further reduce differences related to protein expression, as well as varied 

protein expression specific to the individual cell lines.33 We obtained three distinct vials of 

each individual cell line from ATCC to generate three preparations of the NCI-7 Cell Line 

Panel (Table S6), then employed quantitative proteomics to determine reproducibility of the 

NCI-7 cell reference generation from different seed cells as illustrated in Figure 2A. 

Following tryptic digestion, three channels from each NCI-7 Cell Line Panel preparation 

(NCI-7 Replicate #1, #2, and #3) were TMT labeled, and subjected to basic reverse-phase 

fractionation, phosphopeptide enrichment, and nano-LC–MS/MS analysis on an Orbitrap 

Lumos Fusion mass spectrometer. In total, 179 298 peptides from 10 926 proteins (Table S7) 

and 51 505 phosphopeptides (Table S8) were identified. We plotted the median protein ratio 

value for all of the individual channels, observing close correlation between our expected 

values and observed values (Figure S1). Using reported TMT ratios from the ten TMT-

channels, we constructed correlation matrices for both global protein expression and 

phosphopeptide expression. As shown in Figure 3, Pearson’s correlation coefficients were 

high between the technical replicates for each of the NCI-7 preparations (>0.95) When 

evaluating the protein expression profile across the three NCI-7 replicates, a high correlation 

coefficient (>0.93) was also observed, demonstrating high reproducibility of the individual 

NCI-7 preparations. Examination of phosphopeptide expression revealed a similar pattern of 

high correlation between the technical (0.94–0.99) and biological replicates (0.88–0.95) of 

the NCI-7 material (Figure 3). The stable global and phosphoprotein profiles between the 

three distinct sample preparations of NCI-7 is extremely promising in the context of using 

this it as a universal protein reference material. Not only would using cell lines allow for 

large scale production of NCI-7, but as long as primary cell stocks are used, cell culturing 

methods remain consistent, and passage number monitored, the protein profile would remain 

relatively unchanged. This characteristic is not only important for studies that may span 

months, or even years, and require a longitudinal standard reference, but also identifying a 

potential universal reference standard for benchmarking various sample preparation 
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pipelines, mass spectrometry instrumentation, and data analysis methodology.34,35 Overall, 

these results show that sample generation of the NCI-7 Cell Line Panel material is highly 

reproducible at both global protein and phosphopeptide levels.

Determining the Coverage of the NCI-7 Proteome

Since previous CPTAC-related studies utilized a PDX CompRef material to assess 

instrument performance, we wanted to compare the NCI-7 to a PDX CompRef material 

comprised of the xenografts WHIM2-P32 (basal) and WHIM16-P33 (luminal-B), which 

have been well characterized previously.36,37 The material from the two xenografts followed 

a similar protocol of sample preparation and digestion, basic reverse-phase fractionation, 

phosphopeptide enrichment, and nano-LC–MS/MS analysis, with a distinct TMT-labeling 

schema (Figure S2). In this analysis, we identified a total of 170 120 peptides from 13 182 

protein groups when searched against a combined mouse + human database (Table S9), and 

147 981 peptides from 9596 protein groups when searched against a human-only database 

(Table S10). When examining the phosphoproteome, we identified 44 168 and 39 353 

phosphopeptides when searching against a mouse + human (Table S11) and human-only 

(Table S12), respectively. The total number of identified peptides/proteins and phosphosites 

are summarized in Table 2. For our comparative purposes, we only evaluated proteins 

identified using the NCBI human ref-Seq database, observing 7707 protein groups and 17 

964 phosphopeptides shared between the NCI-7 and P32/P33 CompRef data sets (Figure 4). 

As the results indicate, there is a large percentage (~26%) of mouse proteins present in the 

PDX CompRef material, which is to be expected due to human stromal cell component of 

the primary tumor being replaced by murine cells as the tumor is passaged.38 The occupancy 

of mouse proteins in the MS spectrum did not appear to significantly impact the overlap of 

global protein coverage between the NCI-7 and P32/P33 material, and commonly identified 

proteins between the two data sets potentially provide further evidence of a core human 

proteome.39 However, the low overlap of phosphopeptides between the two data sets 

suggests either a distinct pattern of phosphosite occupancy between the two reference 

materials, or that stromal cells are a significant contributor to the phosphoproteome in 

heterocellular models.40 In contrast, we found few bovine-derived proteins in the NCI-7 

material (sourced from the fetal bovine serum utilized in the cell culturing), identifying less 

than 0.2% peptide spectral matches (PSMs) in our data set (data not shown).

Next, we wanted to define the coverage of the NCI-7 material to determine whether the cell 

line-derived material might be comparable to clinical tumor specimens. Previously, yeast S. 
cerevisiae has been examined as a proteomics reference standard, citing benefits including 

low cost, high protein yield, and protein complexity and dynamic range.41 However, with 

improvements in mass spectrometry instrumentation and proteome data set exceeding 8000 

protein identifications,42 the total proteome of yeast (comprising ~6600 proteins),43 may be 

insufficient as a reference material for comprehensive assessment of laboratory performance. 

The NCI-7 material shares many of the positive attributes of the yeast reference standard, 

while exceeding the number of identifiable gene products, as indicated by our mass 

spectrometry analysis of the NCI-7 material identifying over 10 000 protein groups, which is 

similar to the number of total number of proteins identified in the proteomic analysis of the 

entire NCI-60 Cell Line Panel.15 Utilizing the corresponding RefSeq IDs, further evaluation 
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of our proteome data set revealed coverage of the for the Human, NCI-60, and NCI-7 

genomes to be 57.4%, 58.5% and 62.2%, respectively (Figure 4C). Interestingly, we 

identified 333 proteins that were not observed in the “Human Genome” (Table S13); 

however, additional investigation revealed that the CellMiner data sets we utilized were from 

studies performed prior to 2011,13,44,45 and subsequent NCBI Annotated Releases 

(including the RefSeq database used for protein identification) have been updated with 

newly annotated proteins.

With CPTAC already having examined colorectal, ovarian, and breast cancer via mass 

spectrometry,1–3 and future plans to examine additional cancers, there will be a desire to link 

these various data sets to facilitate “pan-cancer” analyses. The Cancer Genome Atlas 

(TCGA) Research Network has already proposed and begun integrating the various levels of 

genomics information obtained in the multiple TCGA analyses,46,47 and small scaled protein 

“pan-cancer” study has already been carried out.48 With the ability to identify and quantify 

thousands of proteins and integrate the genetic information from hundreds of clinical 

samples, the results of the CPTAC studies have the potential to significantly expand our 

understanding of underlying molecular basis of both individual and multiple tumor types. 

Similar to the previous CPTAC proteogenomic studies which included one isobaric channel 

in each quantitative set as an experimental reference, the inclusion of several NCI-7 channels 

interspersed in the quantitative sets of future CPTAC analyses would allow for linking the 

data from distinct cancer types and enable pan-cancer analyses. Overall, our results show the 

NCI-7 material has a complex dynamic range of protein expression, and sufficient coverage 

of the human proteome to serve as a standard proteomic reference material.

Applying NCI-7 Cell Line Panel To Assess the Reproducibility of Sample Preparation and 
Protein Digestion

Sample preparation is critical aspect in proteomic analyses, and can be a major source of 

experimental variation that can impact the accuracy of downstream quantitation.49–51 One of 

the benefits of quantitative proteomics using tandem-mass-tag (TMT) labeling is the ability 

to multiplex biological samples and analyze them in a single mass spectrometry analysis, 

which reduces the analytical variation of LC–MS/MS; however, this analytical strategy is 

especially sensitive to variations in sample preparation, due to its incorporation protein 

digestion and purification.52 To evaluate lab performance of protein sample preparation 

using NCI-7 Cell Line Panel, we devised the experimental procedure described in Figure 2B. 

First, the cell lines comprising the NCI-7 Cell Line Panel were cultured and cell pellets 

generated. Following lysis, equal protein amounts from each cell line were mixed to 

generate the NCI-7 cell lysate mixture. To assess the efficiency of sample preparation and 

digestion, we generated several protein aliquots of various concentrations to be digested 

individually. In parallel, we generated a single digest, wherein the sample postdigest would 

be aliquoted at the peptide level. After the complete digest of all protein samples, the derived 

peptides were labeled with TMT reagents to facilitate protein quantitation, followed by basic 

reverse-phase fractionation, and nano-LC–MS/MS analysis. Global peptide fractions were 

analyzed on an Orbitrap QE HF mass spectrometer, identifying a total of 68 578 peptides 

derived from 6428 protein groups (Table S14). To assess sample preparation reproducibility, 

we evaluated the TMT reporter channels corresponding to sample aliquoted at the protein 
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level, where as to assess the accuracy of TMT-labeling, we utilized the TMT reporter 

channels corresponding to sample aliquoted at the peptide level. We plotted the median 

protein ratio value for all of the individual channels, observing close correlation between our 

expected values and observed values (Figure 5). Moreover, we utilized two distinct TMT 

channels to normalize our data, TMT-127C which corresponded to the 1-fold aliquoted 

peptide sample (Figure 5A) and TMT-128N, which corresponded to the 1-fold aliquoted 

protein sample (Figure 5B). Interestingly, we did not observe additional variation in the 

overall distribution of protein ratios comparing to peptide ratios when we normalized to our 

1-fold protein aliquoted sample. With the accuracy of TMT reporter ratio being influenced 

by TMT reporter ion intensity in MS2, we evaluated the threshold in which accurate TMT 

reporter intensity was reduced or loss, finding an ion intensity below 10 000 could impact 

the accuracy of TMT ratios (Figure 5C, Figure S3A). When we included additional variables 

of cumulative PSM count and Coefficient of Variation (CV), we found a similar threshold 

cutoff of 10 000 ion intensity, recording a CV of approximately 14.1% that continued to 

drop with increasing ion intensity (Figure S3B). Finally, we wanted to determine the impact 

of sample dilution on the total number of peptides and proteins identified in each respective 

TMT channel. Our results indicated similar peptide and protein identification rates between 

our 1-fold (400 μg), 2-fold (200 μg), and 5-fold (80 μg) peptide and protein sample aliquots 

(Figure 6). In our 10-fold (40 μg) peptide sample aliquot we observed a reduction in the total 

number of peptides and protein identified, which was mirrored in our 10-fold protein sample 

aliquot. In total, these quantitative proteomic results indicate a high level of reproducibility 

for sample preparation and protein digestion, in addition to accurate peptide labeling using 

TMT isobaric reagents. Moreover, our experimental design evaluating sample preparation 

and TMT-labeling simultaneously is suitable for laboratory benchmarking to assess a lab’s 

technical and mass spectrometry performance when utilizing the NCI-7 Cell Line Panel as a 

reference standard.

CONCLUSION

In this study, we evaluated the use of a new comparative reference material, NCI-7 Cell Line 

Panel, comprised of seven cancer cell lines from the NCI-60 cell line panel to be utilized as 

a longitudinal reference standard for CPTAC-related studies, as well as potentially be 

utilized for interlaboratory instrumentation QC and intralaboratory benchmarking and 

comparison. In our analysis, we first determined the reproducibility of generating the NCI-7 

reference material, showing consistent global proteome and phosphoproteome expression 

profiles across three distinct sample preparations. Next, we estimated the NCI-7 cell line 

panel was representative of 88% of the human genome, and proteomic analysis was able to 

identify 63% of the predicted NCI-7 genome in a single data set. Finally, we devised a 

quantitative strategy that could assess sample preparation metrics, including sample 

digestion as well as labeling accuracy, that could be applied in future benchmarking studies 

as a measurement of laboratory performance. Together, this study has shown the NCI-7 cell 

line material not only is suitable as a reference standard for assessing the performance of 

CPTAC PCCs, but may also have future applications as a universal proteomic reference 

material.
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Figure 1. 
NCI-60 Cell Line Panel ranked by coverage of the human genome. NCI-7 cell lines are 

labeled and identified with red dots.
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Figure 2. 
Schematic of NCI-7 CompRef workflows. Equal amounts of protein from each individual 

cell line was pooled to generate protein reference standard. The pooled reference standard 

was then utilized to evaluate NCI-7 sample generation reproducibility (A) and sample 

digestion and mass tag labeling(B).
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Figure 3. 
Reproducibility of NCI-7 CompRef sample generation. Correlation matrix of three distinct 

NCI-7 CompRef pooled reference replicates using reported protein ratios for global 

proteomics (A) and peptide ratios for phosphoproteomics (B).
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Figure 4. 
Coverage of the NCI-7 Cell Line proteome. Overlap of human proteome between NCI-7 

CompRef and PDX P32/P33 CompRef for global proteins (A) and phosphopeptides (B). 

Total coverage of the human, NCI-60, and NCI-7 genome by the NCI-7 Cell Line material 

(C).
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Figure 5. 
Accuracy of tandem-mass-tag (TMT) quantitation and reproducibility of sample digestion 

based by peptide aliquots and protein aliquots protein ratios, respectively. Box plots were 

generated for reported protein ratios using either a peptide aliquot channel (A) and protein 

aliquot channel (B) for data normalization. (C) Influence of ion intensity on reporter tag 

accuracy. Data plotted is from Replicate #1, Fraction #1.
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Figure 6. 
Starting sample amount influences identification rate. The number of identified peptides 

(top) and proteins (bottom) are reported for each TMT channel. Analysis revealed an ion 

threshold intensity of 10 000 produced accurate quantitation and was utilized as a filter for 

the number of identifications per channel.
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Table 1.

NCI-7 CompRef Cell Line Composition with Respective Histology and Gene Mutation Profile

cell line tissue (histology) gene mutation

NCI-H23 Lung (adenocarcinoma) KRAS, TP53

RPMI-8226 Peripheral blood (plasmacytoma, myeloma) KRAS, EGFR, TP53

T47D Breast (carcinoma, ductal) PI3KA, TP53

A549 Lung (adenocarcinoma) KRAS, CDKN2A

COLO205 Colon (adenocarcinoma) BRAF, SMAD4, APC, TP53

NCI-H226 Lung (mesothelioma, squamous cell) CDKN2A

CCRF-CEM Peripheral blood (leukemia, acute lymphoblastic) KRAS, CDKN2A, PTEN, TP53
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Table 2.

Number of Peptide, Protein, and Phosphopeptide Identifications for the PDX and NCI-7 CompRef Materials

sample database
a protein # peptide # phosphopeptide #

P32/P33  M + H  13 182  170 120 44168

P32/P33  H  9596  147 981 39 353

NCI-7  H  10 926  179 298 51 505

a
M, mouse database; H, human database.
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