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Abstract

Liquid chromatography-selected reaction monitoring mass spectrometry (LC-SRM) is not only a 

proven tool for clinical chemistry, but also a versatile method to enhance the capability to quantify 

biomarkers for tumor biology research. As the treatment of cancer continues to evolve, the ability 

to assess multiple biomarkers to assign cancer phenotypes based on the genetic background and 

the signaling of the individual tumor becomes paramount to our ability to treat the patient. In 

breast cancer, the American Society of Clinical Oncology (ASCO) has defined biomarkers for 

patient assessment to guide selection of therapy: estrogen receptor, progesterone receptor, and the 

HER2/Neu receptor tyrosine kinase; therefore, these proteins were selected for LC-SRM assay 

development. Detailed molecular characterization of these proteins is necessary for patient 

treatment, so expression and phosphorylation assays have been developed and applied. In addition, 

other LC-SRM assays were developed to further evaluate tumor biology (e.g. Ki-67 for 

proliferation and vimentin for tumor aggressiveness related to the epithelial-to-mesenchymal 

transition). These measurements combined with biomarkers for tissue quality and histological 

content are implemented in a three tier multiplexed assay platform, which is translated from cell 

line models into frozen tumor tissues banked from breast cancer patients.
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Introduction

Three tumor markers are classified as level of evidence I in breast cancer by the American 

Society of Clinical Oncology (ASCO). Estrogen receptor alpha (ERα)1,2 and progesterone 

receptors alpha and beta (PRα and PRβ)3,4 are nuclear hormone receptors; human epidermal 

growth factor receptor 2 (HER2)5,6 is a protein tyrosine kinase. Because of their significance 

in regulating growth and survival of breast tumor cells, patients are assigned molecular 

classifications and prescribed targeted therapies based on biomarker measurements of ERα, 

PR, and HER2. Estrogen receptor modulators (e.g. tamoxifen), aromatase inhibitors (e.g. 
anastrozole), estrogen receptor antagonists (e.g. fulvestrant), and mTOR inhibitors (e.g. 
everolimus) are used in treatment for hormone receptor-positive breast cancers; while 

monoclonal antibody therapeutics (e.g. trastuzumab and pertuzumab) or small molecule 

tyrosine kinase inhibitors (e.g. Lapatinib), are used to treat HER2-positive breast cancers.7 

The measurement of these biomarkers drives the selection of treatment regimens in breast 

cancer patients; improvements in the ability to evaluate these molecular endpoints and gather 

additional information may enable physicians to enhance the efficacy of therapy and 

continue to refine personalized treatment strategies for breast cancer patients.8

In particular, the signaling and oncogene addiction in each tumor will define the best 

opportunities for treatment with targeted therapies. Therefore, the quantification of post-

translational modification levels in addition to expression may prove to be valuable, because 

ERα,9,10 PR, and HER2 are all regulated by phosphorylation. The combination of 

expression and phosphorylation levels may provide additional diagnostic and prognostic 

information and elucidate mechanisms of drug resistance.11 Serine 167 (S167) is an 

estrogen-independent phosphorylation site of ERα, as a result of mTOR/S6K1 and 

MAPK/RSK pathway activation.12 S294 is a ligand-dependent phosphorylation site, which 

is modified by CDK7 when ERα is bound to ligands like estradiol and tamoxifen.13 S162 

PRβ increases in response to progesterone and can be induced by the cyclin A-Cdk2 

complex.14–16 Tyrosine 877 (Y877) is a HER2 phosphorylation site located in the activation 

loop of the kinase domain regulating kinase activity17 and mediated by TNFα through c-Src 

activation.18 Y735 and Y1248 are another two phosphosites of HER2, which mediate 

protein-protein interactions with Src homology 2 domain-containing-transforming protein 

C1 (SHC).19 These phosphorylation sites and others could be important to evaluate in breast 

cancer patients to define the most appropriate modes of treatment. Immunohistochemical 

assessments of Ki-67 20–21 and vimentin 22–23 are also widely used for monitoring 

proliferation and aggressiveness via the epithelial-to-mesenchymal transition in breast 

cancer, because they serve as prognostic indicators. Vimentin overexpression contributes to 

the aggressive phenotype of tumors and poor prognosis especially in triple-negative breast 

cancer (TNBC), a highly heterogeneous disease, which doesn’t express ERα and PR and has 

no overexpression of HER2.24,25 In clinical studies, techniques such as enzyme-linked 

immunosorbent assays (ELISA) and immunohistochemical analysis (IHC) are used 

extensively to evaluate protein expression levels for ER, PR, and HER2 to classify breast 

cancer subtypes.26–29 However, all these techniques need specific antibodies for each target 

and assay multiplexing is limited. In addition, complex characterization of multiple 

phosphorylations can be challenging if antibody reagents for each analyte are not of 
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sufficient quality. Liquid chromatography-selected reaction monitoring mass spectrometry 

(LC-SRM)30–33 complements antibody-based measurement techniques and has emerged as 

an important technique for clinical biomarker measurements. The technique is very versatile 

due to its capacity for multiplexing, which enables LC-SRM to be applied to study tumor 

biology in situ.34,35

For biomarker quantification in breast cancer, Narumi et al.36 have performed large-scale 

phosphoproteome quantification by using IMAC coupled with iTRAQ and verified 15 

phosphopeptides by selected reaction monitoring mass spectrometry (SRM) using stable 

isotope-labeled standard peptides in breast cancer tissue samples. Song et al.37 have 

presented a gel-assisted digestion method to identify breast cancer biomarker candidates by 

using label-free quantification. Collodoro et al.38 have identified six biomarkers in 

MCF-7/BOS cells exposed to 17β-estradiol and found three related in a network centered on 

estrogen receptor and AKT1. Schoenherr et al.39 have implemented a peptide-based 

immuno-SRM assay for quantification of ER and HER2 expression in both cell lysates and 

human tissues with good agreement with the ER/HER2 status measured by clinical assays. 

Sprung et al.40 compared the reproducibility of SRM assay-based peptide quantification 

between formalin-fixed, paraffin-embedded (FFPE) samples and frozen carcinoma tissues 

and evaluated the precision of HER2 quantification as a feasibility study of SRM application 

in FFPE tissues. Additional publications from Catenacci et al. illustrated the utility of HER2 

quantification in FFPE specimens and correlated well with clinical assays.41,42 Domanski et 
al.43 developed a phosphatase-based phosphopeptide quantitation (PPQ)-SRM method for 

determination of phosphorylation stoichiometry of HER2, ERα, RAF, and ERK1 in peptides 

spiked into E. coli digest. However, these previous applications usually focus on a single 

peptide assay for determining protein expression levels. Britton et al.9,10 and Held et al.14 

have mapped ERα phosphosites by LC-MS/MS and set up selected reaction monitoring 

methods for quantification of ERα expression and phosphorylation in estradiol and/or EGF 

stimulated breast cancer cell lines.

A multiplexed LC-SRM assay for quantifying expression and phosphorylation of ERα, PR, 

and HER2 is reported here using protein enrichment to enable measurement of multiple 

molecular endpoints. In addition to quantification of protein expression, nine 

phosphorylation sites (pS154, pS167, pS294, pY537, pS554, and pS559 from ERα; pS162 

from PRβ; pY735 and pY877 from HER2) have been included in the assay platform. These 

assays have been applied to study the changes associated with drug treatment in breast 

cancer cell lines and implemented on the pre-treatment frozen tissue specimens from breast 

cancer patients that are either HER2+/− or ER/PR+/− (n = 20 total with 5 per group). 

Expression levels from a group of high abundance proteins including ALBU, ACTB, 

HSP7C, ATPB, LDHA, LDHB, G3P, LMNA, ENOA, HBA, and HBB are monitored as 

tissue quality control biomarkers and compared with tissue evaluation by a pathologist. 

Based on different expression levels of the targets, either SDS-PAGE or 

immunoprecipitation (IP) is used for enrichment.

The ability to examine the protein expression as well as the phosphorylation status in these 

biomarkers with quantitative mass spectrometry in a single sample could improve our 

understanding of their role in the development and progression of breast cancer. The 
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quantitative evaluation of protein expression and phosphorylation status of these targets in 

tumor tissues could further refine the classification of molecular subtypes and support 

clinical decision-making including selection of targeted therapeutics. The integration of 

tissue quality control measurements, quantification of proliferation biomarkers, and ER/PR/

HER2 evaluation could improve patient assessment and open novel avenues for patient 

classification, prognosis, and selection of therapy in breast cancer.

Materials and Methods

Cell Lines and Reagents

The human MCF7 (ER+),44 T47D (PR+),45 BT474 (HER2+),46 and HCC38 (triple 

negative)47 breast cancer cell lines were purchased from the American Type Culture 

Collection (ATCC, Manassas, VA) for assay development against the proteins listed in 

parentheses and grown under the recommended conditions: 37°C, 5% CO2, Dulbecco’s 

modified Eagle’s (D5796, Sigma, St. Louis, MO) or RPMI-1640 culture media (R8758, 

Sigma, St. Louis, MO), supplemented with 10% fetal bovine serum (SH30910.03, Thermo 

Scientific) and 1% penicillin/streptomycin (P0781 Sigma, St. Louis, MO). β-Estradiol 

(E2758), NaF (S7920), Na2MoO4 (243655), acetic acid (A6283), Coomassie Brilliant Blue 

G (B5133), ammonium bicarbonate (A6141), and tris(2-carboxyethyl)phosphine 

hydrochloride (C4706) were purchased from Sigma-Aldrich (St. Louis, MO). Iodoacetamide 

(RPN6302V) was purchased from GE Healthcare (Chicago, IL). Human EGF (100–15) was 

purchased from PeproTech (Rocky Hill, NJ). Lapatinib ditosylate (S1028) was purchased 

from Selleck (Houston, TX). Promegestone or R5020 (NLP004005MG) was purchased from 

PerkinElmer (Boston, MA). HPLC grade solvents (water and acetonitrile) were supplied by 

Burdick and Jackson (Honeywell, Muskegon, MI). Antibodies were purchased from Santa 

Cruz Biotechnology (ERα antibody F-10), Cell Signaling Technologies (PR antibody 6A1, 

3172), and Calbiochem (HER2 antibody OP15). Pierce Protein A/G UltraLink Resin 

(53132) was purchased from Thermo Scientific. Sequencing grade modified trypsin (V5111) 

was purchased from Promega (Madison, WI). ERα (DYC5715-2), PR (DYC5415-2) and 

HER2 (DYC1129-2) DuoSet IC ELISA kits and other related reagents were purchased from 

R&D Systems (Minneapolis, MN).

Assay Development

Peptides were selected for each of the three biomarker proteins based on known biology as 

well as publically available MS data. Peptides were infused to optimize transitions, and 

methods were developed using Skyline.48 Peptide sequences, transitions, and spiked 

amounts of stable isotope-labeled standard for each experiment have been listed in 

Supplementary Table 1. For other proteins, existing LC-MS/MS data and LC-SRM 

screening were used for peptide selection.35 For tissue QC proteins, the following peptides 

were selected VDPVNFK (HBA), LLVVYPWTQR (HBB), LVNEVTEFAK (ALBU), 

SADTLWDIQK (LDH-B), AGFAGDDAPR (ACTB), GTLDPVEK (HSP7C), 

IGLFGGAGVGK (ATPB), VTLTSEEEAR (LDHA), SGAQASSTPLSPTR (LMNA), 

VGVNGFGR (G3P), and YISPDQLADLYK (ENOA). In addition, SLYASSPGGVYATR 

and QDVDNASLAR were used to monitor vimentin; TSDTETEPSK and 

SPPPESVDTPTSTK were chosen for Ki-67 quantification. Peptide standards were 
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synthesized using standard FMOC chemistry at the 25 μmol scale, purified, and 

characterized as previously described.35 Amino acid analysis was performed by the Protein 

Chemistry Laboratory at Texas A & M University in order to quantify the amount of each 

peptide in stock solutions (1 mM), which were then stored at −80ºC until use.

Evaluation of ER/PR/HER2 Assays

Assays for the peptides from ERα, PR, and HER2 were combined and scheduled into one 

LC-SRM method, which included 27 peptides and 9 phosphopeptides. Assays were 

evaluated with calibration curves in both buffer and matrix to determine characteristics, 

including linear range, lower limit of quantification (LOQ), accuracy, and precision. 

Additional details are included in Supplementary Methods with example data in 

Supplementary Figure 1 and Supplementary Tables S2–S5.

Cell Treatment and Cell Lysis

Cells were grown to 80% confluence and then plated in 15 cm tissue culture dishes at a 

density of 9.5 x 106 cells each, and allowed to attach overnight. On the following day, after 

removing the media, the cells were washed three times with PBS. Phenol red-free 

Dulbecco’s modified Eagle’s medium (17-205-CV, Cellgro, Corning Life Sciences) 

supplemented with 10% charcoal stripped FCS (12676-029, Gibco, ThermoFisher) was used 

to “serum-starve” the cells for 24 hours prior to treatment by removing lipids, hormones, and 

selected growth factors. MCF7 and BT474 cell lines were treated with Estradiol (10 nM for 

30 min.), EGF (50 ng/mL for 10 min.), Estradiol plus EGF (10 nM and 50 ng/mL for 20 

min), and Promegestone (100 nM for 1 hr.). Without starvation, both cell lines were treated 

with Lapatinib (1 μM for 1 hr.) and either harvested or rescued by treatment by EGF (50 

ng/mL for 10 min.) and then harvested.

After treatment, the cells were washed twice with room temperature PBS and harvested on 

ice using a cell scraper and collected into 1.0 mL of cold cell lysis buffer [100 mM NaCl, 20 

mM Tris (pH 7.5), 0.5% NP40, 100 mM NaF, 10 mM Na3VO4, 50 mM Na2MoO4, 10 

μL/mL phosphatase inhibitor cocktail 3 (P0044, Sigma-Aldrich, St. Louis, MO), 320 nM 

okadaic acid (Cat# O7885, Sigma-Aldrich), 100 U/mL deoxyribonuclease I (Cat# D2821, 

Sigma-Aldrich), and 1 tablet/10 mL Roche mini-complete protease inhibitor cocktail (Cat# 

11836153001, Roche Applied Science, Indianapolis, IN). The cell lysate was kept on ice and 

sonicated twice using 10 second pulses. Debris was pelleted by centrifugation at 18,000 × g 

for 15 minutes at 4°C. Supernatants were decanted and an aliquot (5 μL) was retained for 

protein quantification using Bradford Assay (23236, Thermo Scientific). A second aliquot 

(20 μL or 2% of the total volume) is set aside for western blotting to monitor the pre-IP 

protein expression levels and enable qualitative assessment of immunoprecipitation (IP) 

efficiency (see example data in Supplementary Figure S2); Western blots were performed for 

speed and to provide a method orthogonal to the LC-SRM analysis.

Breast Cancer Tissue Sample Processing and Evaluation

Pre-treatment frozen tissue specimens from breast cancer patients (18< age < 90) were 

obtained from the Tissue Core at H. Lee Moffitt Cancer Center; additional details are 

provided in Supplementary Table S6. Protocols have been approved by as non-human 
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subjects research (MCC 17239 and MCC 17241) prior to tissue release. One aliquot of 30 

mg tissue was requested from patients classified in other of the following four groups ER
+/PR+, ER−/PR−, HER2+, or HER2− (n = 5 per group); each group should be mutually 

exclusive (e.g. no ER+/HER2+ patients, etc.). Hematoxylin and eosin (H&E) stained slides 

were obtained for each tissue aliquot for review by a board-certified pathologist (SB, AM) 

and digitized with a high-throughput slide scanning instrument (ScanScope XT, Aperio); 

example images are appended to the Supplementary Figures (additional views available 

upon request). The frozen tumor tissues were powdered (BioPulverizer, BioSpec, 

Bartlesville, OK) and transferred into a 2 ml microcentrifuge tube using liquid N2. After 

evaporation of the nitrogen, 1.5 ml of cold lysis buffer was added. After sonication and 

centrifugation, 10 μg of tissue homogenate was fractionated by SDS-PAGE to enable 

quantification of the tissue QC biomarkers. A second aliquot (50 μg) of the tissue 

homogenate was used for SDS-PAGE to isolate bands for HER2 and Ki-67. The remaining 

bulk of the tissue homogenate (~1 mg) was used for multiplexed IP-LC-SRM.

Immunoprecipitation and SDS-PAGE Fractionation

The overall workflow has been shown in Supplementary Figure S3. For tissue QC, 10 μg of 

total protein were prepared by rapid gel electrophoresis to enable detergent removal and 

buffer exchange. For HER2 and Ki-67 quantification, 50 μg of total protein was separated 

using 4–12% Criterion XT gels (Bio-Rad) and gel bands were selected for in-gel digestion. 

For IP experiments in cell lines, 2 mg total protein was used. ERα antibody (10 μL with 

approximately 2 μg of antibody) was added to the cell lysate or tissue homogenate on ice. 

After 5 minutes, PR antibody (15 μL containing 20 μg) was added. Then, immune 

complexes were formed at 4°C for 1.5 hours. Protein A/G UltraLink Resin (20 μL of 50% 

slurry) was washed three times with 1 mL 0.5 % NP-40 and resuspended in 0.5 % NP-40. 

The washed resin was added to the lysate and incubated overnight at 4°C. The beads were 

then pelleted at 1,000 × g for 30 seconds. The supernatant was removed, and an aliquot (2% 

or 20 μL) is retained for western blotting (to compare pre-IP and post-IP levels to assess 

capture efficiency). Proteins eluted from the beads are separated by SDS-PAGE prior to in-

gel digestion, as previously published; 34,35 additional details are provided in the 

Supplementary Methods.

Nano-LC-SRM Analysis

LC-SRM data were acquired using a nanoLC system (U3000, Dionex, Sunnyvale, CA) 

interface with a triple quadrupole mass spectrometer (Vantage, Thermo, San Jose, CA), 

equipped with a nanoelectrospray ion source operated in positive ion mode. The methods 

have been previously described,34,35 and additional details are available in the 

Supplementary Methods. Data were acquired by XCalibur 2.1 TSQ Vantage software 

versions and analyzed with Skyline.48 Raw data was imported to Skyline for automated peak 

selection and manual verification. Fragmentation patterns (transition ranking) and retention 

time of proteolytic and synthetic peptides were also compared. In order to eliminate 

potential interferences, the allowable variation in transition ratios was set to 5%; transitions 

for the proteolytic peptides from each biological sample observed with higher levels of 

variation than the SIS peptide were removed prior to quantification. If the signal of the 

proteolytic peptides was poor, ion signals were manually evaluation and only transitions 
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with sufficient peak intensity and quality were selected for quantification. Peak areas were 

exported to text files (csv) for analysis (Microsoft Excel).

ELISA

Cell lysates and tissue homogenates were diluted in order to the working range of each 

ELISA kit. Values included 1:50 for the samples used for ERα and PR ELISA 

measurements and 1:100, 1:500, and 1:1,500 for HER2 measurements in cell lines and 

patient samples HER2 (to accommodate the wide range of expression levels observed for 

HER2). Standards and cell line samples were measured in duplicate and patient specimens 

were measured in triplicate using a microplate reader (Versa Max, Molecular Devices, 

Sunnyvale, CA, USA). Based on the manufacturer’s recommendations, the standard curves 

were generated for ERα (15.6 – 500 pg/ml), PR (12.5 – 800 pg/ml), and HER2 (62.5 – 4000 

pg/ml) and used to quantify those biomarkers in each sample.

Results and Discussion

LC-SRM Assay Development and Validation for ERα, PR, and HER2

Breast cancer cell lines MCF7 (ERα+), T47D (PR+), and BT474 (HER2+) have been 

selected specifically for LC-SRM assay development for ERα, PR, and HER2. To provide 

additional detail, MCF7 44 and T47D 45 are luminal A subtype cell lines and considered 

positive for ER and PR, but negative for HER2. BT474 46 is a luminal B subtype cell line, 

which is considered positive for ER and HER2. Based on the protein expression level, co-

immunoprecipitation was used to enrich ERα and PR by adding the two antibodies 

sequentially with a 5 minutes’ waiting period. SDS-PAGE separation is used for further 

purification of both HER2 from the total protein and ERα/PR from the 

immunoprecipitation. General workflow with the region of the excised gel bands is 

illustrated in Supplementary Figure S3. Supplementary Table S1 shows all the peptide 

sequences monitored for ERα, PR, and HER2 expression and phosphorylation with the 

loading amounts of stable isotope-labeled standard peptides on the column.

In order to determine whether matrix effects have a significant adverse effect on the 

ionization efficiency and intensity of the peptides in the assay, response curves in the 

presence of background peptides expected to be present during analysis of endogenous ER, 

PR and HER2 from breast cancer cells have been built. Triple negative HCC38 cell lysates 

have been used for assay validation including dynamic range, LOD and LOQ determination 

in calibration curves in matrix to give a background. As an example, Supplementary Figure 

S1 shows the LC-SRM calibration curves in buffer (A) and matrix (B) for the ERα 
unmodified peptide, LASTNDKGSMAMESAK, and calibration curves in buffer (C) and 

matrix (D) for the corresponding phosphopeptide, LApSTNDKGSMAMESAK. Twelve data 

points are used for calculation in each calibration curve from 0 (buffer or matrix blank) to 1 

pmol. The equations of the calibration curves are also provided in Supplementary Figure S1. 

The slopes of the equations are similar between the calibration curves in buffer and matrix in 

the same peptide, while the intercepts indicate the difference between the calibration curves 

from background interference. All the calibration curves have a linear correlation within the 

ranges from LLOQ to ~1 pmol. Detailed results with CV and accuracy from normal 
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calibration curve in buffer and matrix for the ER unmodified peptide, 

LASTNDKGSMAMESAK, and phosphopeptide, LApSTNDKGSMAMESAK, have been 

shown in Supplementary Table S2. LLOQ values were determined by the lowest amount 

injected into the LC-MS system to give a CV ≤ 20%. For the unmodified peptide, 

LASTNDKGSMAMESAK, even though it was detectable from 14 amol in buffer, the CV 

(44.6%) exceeds the quality criterion (15%). LLOQ was determined to be 276 amol based 

on the CV (1.8%). In matrix, the LLOQ was determined to be 138 amol with CV 8.7%. For 

the phosphopeptide, LApSTNDKGSMAMESAK, LLOQ values were determined to be 16 

amol (CV 14.8%) in buffer and 164 fmol (CV 4.4%) in matrix. A summary of LLOQ values 

in fmol for ER, PR, and HER2 peptides in buffer and matrix is shown in Supplementary 

Table S3.

Mixed cell lysates from MCF7, T47D, and BT474 with EGF and estradiol stimulation to 

increase phosphorylation levels have been used for assay evaluation, including accuracy and 

precision. Accuracy was measured by spike and recovery experiments for each target peptide 

in the assay platform. Supplementary Table S4 shows the results of accuracy for each target 

peptides in three spiking levels (100 fmol, 500 fmol, and 1000 fmol). Most peptides were 

quantified in the acceptable accuracy range from 80% to 120%.

The reproducibility of LC-SRM performance alone as well as the reproducibility of the 

entire sample preparation (co-immunoprecipitation of ERα and PR, SDS-PAGE separation, 

in-gel tryptic digestion, and LC-SRM) was evaluated. Supplementary Table S5 shows the 

CV values for the precision from these tests.

LC-SRM Assay Application in Drug Treated Cell Lines

The breast cancer cell lines, MCF7 and BT474, have been used to study the different levels 

of expression and phosphorylation of ER, PR, and HER2 under a series of drug treatments, 

including EGF or/and ligand (estradiol) stimulation, promegestone (R5020) stimulation, 

tyrosine kinase inhibitor (Lapatinib) inhibition, and Lapatinib inhibition followed by EGF 

stimulation (Figure 1). Minimum quantitative estimates (fmol/mg total protein) of each 

target peptide from these three proteins have been calculated using SIS peptides, as shown in 

Supplementary Table S7. The phosphorylation stoichiometry (%) has also been calculated 

for each treatment and shown in Supplementary Table S8. Phosphorylation of ERα pSer167 

in MCF7 cells increased with estradiol (1.6-fold increase) and EGF (2.8-fold increase), 

when compared to control, which is consistent with expectation. Ligand dependent 

phosphorylation of ERα pSer294 in MCF7 was clearly increased by estradiol (4.0-fold 

increase), which is consistent with known biology. Similarly, phosphorylation of PR 

pSer162 increased in both MCF7 and BT474 cells after stimulation with promegestone 

(R5020). Phosphorylation of HER2 pTyr735 in BT474 cells is increases with EGF 

treatment, is not observed after treatment with Lapatinib, but can be rescued by co-treatment 

with EGF and Lapatinib. Therefore, this ER/PR/HER2 assay can not only measure the 

expression and phosphorylation levels, but also confirm these aspects of known biology, 

which have been selected as positive controls in these cell line models. With quantification 

of both unmodified and phosphopeptides, the phosphorylation stoichiometry can be 
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determined to further assess patient specimens. This additional level of detail could 

ultimately assist in selection of the targeted therapy appropriate for each patient.

Tissue Evaluation by H&E and LC-SRM Quantification of Tissue Quality Control 
Biomarkers

Pre-treatment frozen tissues have been used for LC-SRM assays in 20 patients (5 and 5 for 

ER+/−, as well as 5 and 5 for HER2+/−) using 30 mg wet weight of frozen tumor tissue per 

patient. Images of H&E stained slides for each tissue have been obtained for tissue 

evaluation (see Supplementary Figures). Figure 2(A–D) shows examples of the H&E stained 

images of tumor tissues to illustrate an example of a highly cellular tumor as well as some of 

the challenges with biomarker assessment in bulk tumors: ascites, necrosis, and blood.

Total protein recovery from these tissues based on Bradford assays averaged 6% of the total 

wet weight of tumor. High abundance proteins, including the cellularity biomarkers and 

blood components, have also been selected and quantified to evaluate the tissue quality by 

LC-SRM. Normalized expression levels of selected cellularity biomarkers, such as ACTB, 

G3P and LMNA, were used to examine the 20 patient samples and biological replicates of 2 

QC cell lines. As shown in Figure 2E and Supplementary Figure S4, the expression of 

cellularity biomarkers is lower in patients 9308 and 9306 (ER+/PR+) and patients 9431 and 

9424 (HER2−) especially for LMNA, which is a structural component of cell nuclei, which 

may serve a similar function to counting nuclei in evaluation of H&E stained sections. 

Normalized expression of blood cell components such as ALBU, HBA, HBB have been 

shown in Figure 2E and Supplementary Figure S4. Patient 9423 had a much higher amount 

of HBA and HBB than others which indicates that this sample contained less total 

intracellular protein, which impacted quantification of HER2 (in fmol/mg total protein). 

Therefore, the evaluation of tissue QC using high abundance proteins helped determine 

potential confounding factors for tissue analysis and complemented the pathologist’s (SB) 

review of the H&E stained slides.

LC-SRM Assay Implementation in Breast Cancer Patient tissues

ERα/PR/HER2 assays have been applied to the pre-treatment frozen tissue specimens from 

breast cancer patients that are either ER/PR+/− or HER2+/− (n = 5 for each of the four 

groups). At the beginning and end of each batch, biological replicates of the cell lines, 

MCF7 (ER+) and BT474 (HER2+), are used for quality control of sample processing and 

mass spectrometry performance. For molecular subtype classification, 10 fmol ER per mg 

total protein ER and 500 fmol HER2 per mg total protein in tissue homogenate were used as 

cut-offs for determination of positive or negative biomarker status.27,49 As shown in Figure 

3A and 3C as well as Supplementary Table S9, ERα and HER2 expression quantified by 

LC-SRM did match well with clinical categories except patient 9308 (ER+) and 9423 

(HER2+), which have been indicated to be of poor quality upon pathology review and tissue 

QC by LC-SRM analysis. PR expression and phosphorylation has also been determined, as 

shown in Figure 3B and Supplementary Table S9. Patient 9309 has a higher expression level 

of PR than others (~5 fmol/mg total protein). In addition, ER phosphorylation levels have 

been measured as shown in Table 8 and Supplementary Figure S5. Patients 9309 and 9305 

from the ER+ group had higher levels of ERα pSer294. As ERα Ser294 phosphorylation 
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depends upon ligand (estradiol) stimulation, these two patients could potentially have better 

response to anti-hormone therapy.

As shown in Supplementary Figure S6, vimentin has been quantified in these tumors also 

using two peptides: SLYASSPGGVYATR and QDVDNASLAR. Because both cell lines are 

epithelial; little vimentin is observed, when compared to the tumor tissues. Across the 

sample group, vimentin expression levels differ by more than a factor of 20, but we have not 

explored a cutoff to establish epithelial tumors versus mesenchymal tumors. Vimentin 

expression levels and vimentin/actin ratios could not be correlated with stromal content from 

the H&E stained sections (see Supplementary Figure S6), and the tumor samples from triple 

negative breast cancer patients, which have a higher percentage of mesenchymal-type 

tumors, did show high levels of vimentin expression in certain cases (e.g. 9301, 9304, and 

9432); some HER2+ tumors, but none of the ER+ tumors in this small sample set had 

vimentin expression levels as high.

Comparison of LC-SRM and ELISA Quantification of ERα, PR, and HER2 Expression

ELISA and LC-SRM quantification of ERα, PR, and HER2 correlate well (R2 > 0.9) in 

patient samples and cell line models, as shown in Figure 4 and Supplementary Figures S7–

S9 and Supplementary Table S10. Immunogens for ELISA contain a.a. 1–116 for ERα, a.a. 

1–189 for PR, and a.a. 23–652 for HER2; strong agreement is observed between methods, 

even though the only peptides selected for LC-SRM that share sequence with the 

immunogens are the PR peptide, VLSPLMSR, (a.a. 160–167, selected for monitoring 

phosphorylation), and the HER2 peptide, VLQGLPR (a.a. 546–552).

Concluding Remarks

Here, a multi-tier platform for quantification of breast cancer biomarkers has been 

established by using SDS-PAGE and IP for protein enrichment prior to LC-SRM analysis. 

High abundance proteins, which are used as tissue QC biomarkers (including ALBU, ACTB, 

HSP7C, ATPB, LDHA, LDHB, G3P, LMNA, ENOA, HBA, and HBB), have been quantified 

from 10 μg aliquots of cell lysate/tissue homogenate after SDS-PAGE for buffer exchange 

and in-gel digestion. THE EMT biomarker, vimentin, could also be quantified from this 

tissue QC sample. The proliferation biomarker, Ki-67, has very high molecular weight and is 

likely incompatible with SDS-PAGE protein fractionation; despite identification of 2 

candidate peptides and subsequent assay development, this protein could not be 

quantitatively assessed in tumors in these experiments. Expression levels for highly 

amplified HER2 can be quantified from this same minimal amount of protein (10 μg), but to 

examine multiple peptides and phosphorylation sites a larger amount of total protein (50 μg) 

was fully separated in gel (or immunoprecipitated). IP-LC-SRM for HER2 would have less 

interference and lower amounts of background, but HER2 expression is approximately 

1,000-fold higher than ER and PR leading to a significant challenge in multiplexing the IP 

step for all of these proteins. ERα and PR require IP enrichment from 1–2 mg total protein 

to generate a sufficient sample for LC-SRM analysis. The resulting LC-SRM assays have 

been applied to drug treatments in cell lines, compared with ELISA, and applied to frozen 

tumor specimens to illustrate the potential for their clinical translation. Continuing 

development and integration of specific biomarker measurements with background proteome 
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characterization can further improve patient evaluation, similar to the use of the HER2/

CEP17 ratio in FISH (see Supplementary Figure S10). Specifically, additional protein 

biomarkers of EMT (e.g. N-cadherin and E-cadherin) could provide additional utility for 

patient assessment.

In general, this multi-tier platform with integration of tissue quality control biomarkers’ 

measurements, quantification of proliferation and EMT biomarkers, and ER/PR/HER2 

evaluation including protein expression and phosphorylation, could improve patient 

assessment and open novel avenues for patient classification, prognosis, and selection of 

targeted therapy in breast cancer. Similar approaches could be used to examine protein 

biomarkers relevant to other cancers.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Different enrichment strategies have been combined with quantitative proteomics to 

evaluate protein biomarkers, including expression and phosphorylation levels for estrogen 

receptor, progesterone receptor, and the HER2 receptor tyrosine kinase, in breast tumor 

tissue.
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Figure 1. LC-SRM Analysis of Expression and Phosphorylation during Ligand Stimulation and 
Drug Treatment Experiments in Cell Lines
Measurements in ER+ MCF7 cells (A) and in HER2+ BT474 cells (B) are shown. The heat 

maps show relative quantification from lowest (blue) to highest (red); grey indicates missing 

data. A general scale bar for the level of change is presented; the numerical values (right-
hand columns) indicate the maximum to minimum ratio for the relative quantification data 

presented in the heat maps. *In both panels, total PR is quantified using a peptide common 

to both isoforms (PRα 725–31, PRβ 561–7). **In the BT474 drug treatment experiments, 

LLOQ was used for missing minimum values to estimate the maximum-to-minimum ratio.
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Figure 2. Representative Hematoxylin and Eosin Stained Tissue Sections for Good Quality and 
Challenging Tissue Specimens and Relative Quantification of Tissue Quality Control Proteins
Frozen sections from tumors have been selected to illustrate high cellularity tumor tissue (A) 

as well as samples with ascites (B), necrosis (C), and blood (D). In panel E, albumin and 

hemoglobin are measured with LC-SRM to define tissues that may include ascites or whole 

blood, which contributes significantly to the total protein amount derived from the tumor 

tissue. Samples with high levels of these proteins, which could disrupt the biomarker 

measurements, are marked with red arrows. Cellular markers include lactate 

dehydrogenases, actin, heat shock cognate 71, nuclear lamin, GAPDH, vimentin, and 

enolase. Samples with low amounts of these cellular proteins are marked with black arrows 
to indicate samples that may lack sufficient cellularity for IP-LC-SRM of bulk tumor tissue. 

The scale bar for relative expression is shown (right).
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Figure 3. LC-SRM Assay Implementation in Breast Tumors
IP-LC-SRM quantification of ER expression (A) and PR expression (B) in tumor tissues and 

the positive control, MCF7 cells, indicates separation between the ER+ and ER− patients 

with the exception of 9306, which had low cellularity (see Figure 2E). The dotted line 

indicates a cutoff value of 10 fmol/mg, which can be used for molecular classification. SDS-

PAGE-LC-SRM HER2 expression measurements (C) in another set of tumor tissues and the 

BT474 positive control also indicate the ability to differentiate between groups using a 

cutoff value of 500 fmol/mg total protein for molecular classification, with the exception of 

sample 9423, which had a high degree of blood infiltration (see Figure 2E). Both ER and 

HER2 cutoffs are based on existing clinical values for intact protein measurements. Clinical 

calls based on IHC and FISH have been added to the bottom of panels B and C to indicate 

the status for the biomarkers not assessed by LC-SRM in these samples using the following 

designations: positive (P), negative (N), no data (ND), and equivocal (EQ).
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Figure 4. Comparison LC-SRM and ELISA for ER and HER2 Quantification in Cell Lines and 
Breast Tumor Tissues
LC-SRM data for 2 peptides from ER, LLFAPNLLLDR (A) and YYITGEAEGFPATV (B), 

are compared against ELISA quantification for two control cell lines and 10 patient samples. 

The sample coding (upper right) applies to both panels. LC-SRM data for 2 peptides from 

HER2, ELVSEFSR (C) and ITDFGLAR (D), are compared against ELISA for the same 2 

cell lines, but 10 different patient samples. The sample coding (lower right) applies to both 

panels. Additional data are shown in Supplementary Figures S7–9.
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