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response to chemotherapy and for prognosis of breast cancer patients.

Methods: An advanced liquid chromatography-tandem mass spectrometry (LC/MS/MS)-based targeted
proteomics assay was developed and validated for monitoring P-gp levels in breast tissue.

Results: Tryptic peptide 368IIDNKPSIDSYSK380 was selected as a surrogate analyte for quantification, and
immuno-depleted tissue extract was used as a surrogate matrix. Matched pairs of breast tissue samples from
60 patients who were suspected to have drug resistance were subject to analysis. The levels of P-gp were
quantified. Using data from normal tissue, we suggested a P-gp reference interval. The experimental values of
tumor tissue samples were compared with those obtained from Western blotting and immunohistochemistry
(IHC). The result indicated that the targeted proteomics approach was comparable to IHC but provided a lower
limit of quantification (LOQ) and could afford more reliable results at low concentrations than the other two
methods.

Conclusions: LC/MS/MS-based targeted proteomics may allow the quantification of P-gp in breast tissue in a more

accurate manner.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The development of multi-drug resistance (MDR) remains a major
clinical challenge in the current treatment of cancers, including breast
cancer. This phenomenon is usually associated with an increased level
of P-glycoprotein (P-gp), which can efflux the drugs out of cancer cells
and thus decrease the intracellular drug accumulation in MDR cancers
[1]. P-gp is encoded by the gene multi-drug resistance 1 (MDR1) and
is normally expressed at low levels in breast tissue [2]. However, a num-
ber of studies have demonstrated a progressive development of P-gp
overexpression in breast cancer patients during chemotherapy [3].
Thus, the accurate quantification of P-gp in clinical practice would
help predict the individual response to chemotherapy and prognosis
of breast cancer patients.

The level of P-gp in tissue samples has traditionally been measured
using antibody-based methods, including Western blotting [4] and
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immunohistochemistry (IHC) [5]. While these techniques provide valu-
able information on protein levels, they often lack the necessary speci-
ficity and reproducibility [6]. More importantly, most of the assays
that have been developed are qualitative or semi-quantitative but not
quantitative [7]. Thus, other approaches are required to quantitatively
monitor P-gp levels.

Mass spectrometry, perhaps most familiar for its use in discovery-
based proteomics, can also be applied to quantify target proteins of in-
terest (driven by hypothesis). In a targeted analysis, selected/multiple
reaction monitoring (SRM or MRM) on a triple quadrupole instrument
is generally employed for quantification, and liquid chromatography
coupled on-line to tandem mass spectrometry (LC/MS/MS) assays are
developed to detect fragment ion signals from proteolytic peptides
representing the targeted protein [8,9]. The ion mass of the precursor
peptide is set in the first mass analyzer (Q1), while a fragment peptide
product ion, which is generated by collision-induced dissociation in
Q2, is predefined in the third mass analyzer (Q3). The precursor/
product ion m/z pair, referred to as the transition, is used to yield the
chromatogram. The area under the curve of the chromatogram provides
a quantitative measurement for each desired peptide and target protein.
In this way, problems with detection specificity and antibody
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development in antibody-based methods are greatly minimized. There-
fore, targeted proteomics is now considered a reliable alternative to
other more ambiguous methods [10].

Our previous work has successfully determined P-gp in cultured
breast cells using targeted proteomics [11]. In this report, we further
applied this approach into clinical practice. An advanced LC/MS/MS-
based targeted proteomics assay for the quantification of P-gp in breast
tissue was developed and validated. This assay was then applied to the
quantitative analysis of P-gp in 60 matched pairs of breast tissue
samples from patients who were suspected to have drug resistance.
The resulting values were compared to those obtained using Western
blotting and IHC.

2. Materials and methods
2.1. Chemicals and reagents

The stable isotope-labeled amino acid was supplied by Cambridge
Isotope Laboratories, Inc. The synthetic proteolytic peptide and its cor-
responding stable isotope-labeled internal standard were synthesized
by ChinaPeptides Co., Ltd. Ammonium bicarbonate (NH4HCO3) was
from Qiangshun Chemical Reagent Co., Ltd. DL-dithiothreitol (DTT),
iodoacetamide (IAA), Tris—HCl and Triton X-114 were supplied by
Sigma-Aldrich (St. Louis, MO, USA). Ethylenediaminetetraacetic acid
(EDTA) was obtained from Sinopharm Chemical Reagent Co. Sequencing
grade modified trypsin was from Promega. Phosphate buffered saline
(PBS) was from the Beyotime Institute of Biotechnology. Acetonitrile
(ACN) and methanol were from Tedia Company, Inc. Trifluoroacetic
acid (TFA) and formic acid (FA) were from Aladdin Chemistry Co., Ltd.
and Xilong Chemical Industrial Factory Co., Ltd., respectively. Sodium
dodecyl sulfate (SDS) was from Generay Biotech Co., Ltd. Water was pu-
rified and deionized with a Milli-Q system manufactured by Millipore.

2.2. Preparation of stock solutions, calibration standards and quality
controls (QCs)

A1 mg/ml stock solution (purity ~99.3%) was prepared by weighing
the peptide and dissolving it in deionized water. The solution was stored
at —20 °Cin a brown glass tube to protect it from light. An isotope-
labeled synthetic peptide was used as an internal standard. The internal
standard was also weighed, and a 5 pg/ml stock solution was prepared
in deionized water. A 1000 ng/ml internal standard solution was pre-
pared by diluting the stock solution with an ACN:water mixture
(50:50, v/v) containing 0.1% FA.

Because matrix complexity is a significant obstacle in the quantifica-
tion of endogenous analytes for which a true blank is not available, P-gp
depleted tissue extract [12] was employed as a matrix here. The exper-
imental details are given in the Supplementary material. The calibration
standards were prepared by serial dilution of the stock solution using P-
gp depleted tissue extract. The concentrations of the calibration
standards were 10, 25, 50, 100, 250, 400, 700 and 1000 ng/ml. The QC
standards for the lower limit of quantification (LLOQ), low QC, mid-QC
and high QC were prepared at 10, 30, 200 and 800 ng/ml, respectively,
in the same matrix and frozen prior to use.

2.3. Tissue collection

Breast tissue collection in this study was approved by the Institu-
tional Review Board of Nanjing Medical University. Sixty pairs of breast
tissue samples consisting of tumors and adjacent sections from patients
who had invasive breast cancer and were suspected to have drug resis-
tance were collected consecutively between January 2011 and February
2012 at Nanjing Maternity and Child Health Care Hospital, Nanjing,
China (mean patient age, 52.9 4+ 7.8 years; age range, 35-61 years).
For these patients, initial active chemotherapy was demonstrated by re-
duced tumor volume, improved symptoms and decreased serological

tumor markers. However, after a variable period, tumor not only was re-
sistant to the agents treated, but also continued to develop resistance to
combinations of non-cross-resistant regimens [13]. Tissue sections
were confirmed as normal and cancerous by hospital pathologists.
Among tumor tissues, 41 samples were invasive ductal carcinoma, 17
were invasive lobular carcinoma and 2 were other histological types.
Tumor grade was assessed according to the Nottingham scheme [14].
Histological evaluation of adjacent normal tissue samples showed no in-
dication of contamination from tumor or other abnormal cells. The pa-
tients were biologically unrelated, but all belonged to the Han Chinese
ethnic group from the Jiangsu province in China. Informed consent
was obtained from the subjects. Tissue samples were stored frozen at
—80 °C until analysis. Prior to protein extraction, the tissue samples
were thawed to room temperature and then rinsed thoroughly with de-
ionized water. Fat tissue was removed and the remaining tissue was cut
into small pieces and transferred to tubes.

2.4. Membrane protein extraction

Approximately 50 mg of tissue was weighed and resuspended in
buffer containing 50 mmol/l Tris/HCl pH 7.4, 2 mmol/l EDTA, 1 mmol/l
DTT, 150 mmol/l NaCl and 1% protease inhibitor cocktail. Samples
were homogenized using a Bio-Gen PRO200 homogenizer (PRO Scientif-
ic Inc.). After centrifugation, the collected samples were resuspended in
500 pl of 1% Triton X-114 extraction buffer (1 mmol/l DTT and 2 mmol/l
EDTA in 50 mmol/l Tris/HCl, pH 7.4) containing 1% protease inhibitor
cocktail. The samples were incubated on ice for 30 min at 37 °C for
10 min, then centrifuged at 10,000 x g for 3 min to separate the deter-
gent and aqueous phases. To achieve complete extraction, 500 pl of 1%
Triton X-114 extraction buffer and 500 pl of 0.06% Triton X-114 wash
buffer (1 mmol/l DTT and 2 mmol/l EDTA in 50 mmol/I Tris/HCI,
pH 7.4) were added to the aqueous and detergent phases, respectively.
The incubation and centrifugation steps were repeated. The detergent
phases were combined, and the proteins were precipitated from cold ac-
etone. The protein pellets were then dissolved in 1% SDS solution. The
protein concentrations of the resulting membrane fractions were deter-
mined using a BCA protein assay kit (Pierce Biotechnology, Inc.).

2.5. In-solution tryptic digestion

A quantity of 100 pl of each sample (calibration standards, QCs and
cell membrane fraction) was mixed with 50 ul of 50 mmol/l NH;HCOs.
Denaturation was performed at 95 °C for 8 min. Subsequently, the pro-
tein was reduced by the addition of 50 mmol/l DTT until a final concen-
tration of 10 mmol/I was achieved. The sample was then incubated at
60 °C for 20 min. The sample was then alkylated by adding 400 mmol/l
IAA to obtain a final concentration of 50 mmol/I and incubated at room
temperature for 6 h in the dark. Finally, sequencing grade trypsin was
added, and the sample was incubated at 37 °C for 24 h. The reaction
was stopped by adding 10 pl of 0.1% TFA. Then, 100 pl of the internal stan-
dard solution was added to the tryptic peptide mixture before transfer-
ring it to an Oasis HLB cartridge (60 mg/3 ml; Waters) that had been
preconditioned with 3 ml ACN and 3 ml deionized water. After the sam-
ple was loaded, the cartridge was washed with 2 ml of water and 2 ml of
ACN:water (50:50, v/v) and eluted with 1 ml of 100% ACN. Finally, the el-
uent was evaporated to dryness, and the sample was resuspended in
100 pl of ACN:water (50:50, v/v) containing 0.1% FA.

2.6. LG/MS/MS

An Agilent Series 1200 HPLC system (Agilent Technologies) and a
6410 Triple Quad LC/MS mass spectrometer (Agilent) were used for
the LC/MS/MS studies.

The liquid chromatography separations were performed on a
Hypersil GOLD column (3 pm, 20 mmol/l x 2.1 mmol/l; Thermo Fisher
Scientific) at room temperature. The mobile phase consisted of solvent
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A (0.1% FA in water) and solvent B (0.1% FA in methanol). A linear gra-
dient with a flow rate of 0.3 ml/min was applied in the following man-
ner: B10% (0 min) — 10% (1 min) — 90% (4 min) — 90% (8 min) — 10%
(9 min). The injection volume was 10 pl. The mass spectrometer was
interfaced with an electrospray ion source and operated in the positive
MRM mode. Q1 and Q3 were both set at unit resolution. The flow of the
drying gas was 10 I/min and the drying gas temperature was held at
350 °C. The electrospray capillary voltage was optimized to 4000 V. The
nebulizer pressure was set to 45 psi. The data were collected and proc-
essed using the Agilent MassHunter Workstation Software (ver B.01.04).

2.7. Conventional analytical methods

For the experimental details of [HC and Western blotting, please see
the Supplementary material.

3. Results and discussion
3.1. Selection of surrogate peptide

The most critical step in the experimental design and assay estab-
lishment is the selection of proteolytic peptides that represent a candi-
date protein and that can provide specificity and an adequate response.
To date, several LC/MS/MS-based targeted proteomics assays for the
quantification of specific membrane transporters have been developed
[15-18], whereas few studies have been conducted with tissue samples.
The utility of peptides in these MRM assays should be considered care-
fully because the experimental methods, sample conditions and MS in-
strumentation used to obtain these spectra, are not always consistent
[19]. For instance, the abundant tryptic peptides 817NTTGALTTR825
[20] and 262AGAVAEEVLAAIR270 [21] employed in the previous stud-
ies were not present in significant quantities here. Therefore, we
searched the PeptideAtlas database (www.peptideatlas.org) for mass
spectral evidence of P-gp [22]. Surrogate peptides were selected from
the list of previously detected peptides using previously described se-
lection criteria [15]. Then, we performed a LC/MS/MS analysis of tissue
extract after SDS-PAGE separation and in-gel digestion (experimental
procedures are shown in the Supplementary material) with the list
of MRM transition pairs to determine the tryptic peptides that
were present in the greatest abundance. The most abundant peptide
was the triply charged ion of 368IIDNKPSIDSYSK380, rather than the
434STTVQLMQR442 that we previously observed in cell extract [11].
In addition, this sequence was found to be unique to P-gp (accession
no. P08183 (MDR1_HUMAN), gi: 2506118) using a BLAST search, sug-
gesting that it could be used to specifically quantify P-gp. The product
ion spectrum of 368IIDNKPSIDSYSK380 is shown in Fig. 1A. The
characteristic sequence-specific b ions and y ions were indicative of
this peptide. Therefore, a synthetic stable isotope-labeled peptide,
I"I*DNKPSIDSYSK, was prepared. The peptide was labeled at the isoleu-
cine position ('3Cg) and eluted at the same retention time (5.2 min) as
the non-labeled peptide (Fig. 1S).

3.2. Membrane protein extraction and digestion efficiency

The application of LC/MS/MS based targeted proteomics for the
quantification of membrane proteins is usually hindered by the lack of
pure protein standards for calibration [20]. Alternatively, a synthetic
surrogate peptide can be spiked into a biological matrix and utilized as
a standard to calibrate and quantify the membrane protein. In this
case, the recovery of the membrane extraction and the completeness
of the trypsin digestion must be carefully assessed.

As one of the most powerful tools for preparing membrane proteins
[23], Triton X-114 was applied to extract P-gp from the breast tissue
samples. Triton X-114 not only solubilizes membrane proteins but
also has the ability to separate them from hydrophilic proteins via
phase partitioning at physiological temperatures [24]. While Triton X-
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Fig. 1. The product ion spectrum of 368IIDNKPSIDSYSK380 (A) and the LC/MS/MS
chromatograms of LLOQ and blank matrix (B). The internal standard is omitted for clarity.

114 has often been employed for the extraction of membrane proteins
from cultured cells, its application to tissue samples has been reported
only rarely [25,26]. We therefore evaluated the utility of phase
partitioning by comparing protein yields with those obtained using
other detergents (e.g., RIPA (Triton X-100)). As shown in Fig. 25, a signif-
icantly higher yield of P-gp was obtained using Triton X-114. After two
incubation and extraction steps, no detectable P-gp was observed in the
tissue samples using Western blotting and the LC/MS/MS-based
targeted proteomics assay (data not shown).

Insufficient digestion is another confounding factor in the absence of
pure target protein and when detecting proteolytic peptides as an alter-
native to the target protein. Generally, extended surrogate peptides
that contain a small number of amino acids from the surrounding se-
quence are employed to investigate the digestion efficiency. In this
study, a substrate peptide, 366FKIIDNKPSIDSYSKSG382, containing
368IIDNKPSIDSYSK380 was synthesized. The substrate peptide was
spiked into immuno-depleted matrix and digested using the same diges-
tion protocol as that described for P-gp in the Experimental section. Both
the undigested substrate peptide and the peptides after digestion were
monitored using LC/MS/MS. Fig. 3S shows the absence of the starting
substrate peptide, 366FKIIDNKPSIDSYSKSG382, and the presence of the
product tryptic fragment, 368IIDNKPSIDSYSK380. The recovery of
368IIDNKPSIDSYSK380 was calculated by comparing the response ratios
of the tryptic peptide after digestion and the equimolar surrogate
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synthetic peptide standard in the digestion. Consequently, the estimated
recovery was ~95.7%.

Notably, the quantification of proteins performed here using exter-
nal synthetic peptide standards, strictly speaking, does not represent
“absolute quantification,” even after the optimization of the membrane
protein extraction and digestion [27]. Ideally, pure target proteins of
known concentration are utilized to control the levels of protein loss
(or enrichment), extraction, denaturation and digestion [28]. The un-
availability of target proteins for evaluation will subject the results to
additional errors. For instance, the approach to determine the digestion
efficiency does not consider the steric hindrance of enzymatic digestion,
where the catalytic site may be buried within a large protein structure
[29]. In addition, differences in P-gp extraction by various detergents
were shown above. Nevertheless, the optimization of these preparation
conditions can improve the quantitative analysis in a more accurate
manner.

3.3. LC/MS/MS assay development and validation

MRM assays are generally developed on a triple quadrupole instru-
ment to detect the fragment ion signals arising from unique surrogate
peptides. In this study, the y8 ion, m/z 896.4, and the b6 ion, m/z
680.8, exhibited intense signals in the product ion spectrum of
368IIDNKPSIDSYSK380. Using the transitions of m/z 493.7 — 896.4
and m/z 497.7 — 896.4 (internal standard), a P-gp LC/MS/MS assay
was developed. The m/z 493.7 — 680.8 was also evaluated here to
serve as a confirmation of transition specificity. Method validation in-
volved evaluating the linear range, accuracy, precision, limit of quantifi-
cation (LOQ), recovery and stability.

Calibration and QC samples are generally prepared using an analyte-
free matrix, whereas the quantification of P-gp is complicated by its en-
dogenous presence. Because the matrix is preferred to represent the
regular membrane protein component in tissue extracts, we employed
P-gp depleted membrane fractions from pooled tissue samples as a sur-
rogate matrix in this study. The level of depletion was significant in the
immuno-depleted tissue extract, as determined by Western blotting
and an LC/MS/MS-based targeted proteomics assay (Fig. 4S). In addi-
tion, a procedure of standard addition was used to assess the surrogate
matrix [12]. The theoretical concentration of the P-gp extrapolated from
the standard addition was compared to the concentration interpolated
from the P-gp depleted tissue extract calibration curve. Agreement be-
tween these independent determinations was confirmed (Fig. 5S).
Thus, immuno-depleted matrix can be used for the creation of calibra-
tion curves.

The calibration curve was constructed using a weighted linear re-
gression model with a weighting factor of 1/x2. The relative peak area
ratio of the analyte, 368IIDNKPSIDSYSK380, and the stable isotope-
labeled internal standard was plotted as a function of concentration.
The LOQ was 10 ng/ml. A representative chromatogram of the LLOQ is
shown in Fig. 1B. Its response was >5 times the response of the blank
matrix [30]. Moreover, the calculated values for pairs of MRM transi-
tions (m/z 896.4/m/z 680.8) were consistent throughout the calibration
range, demonstrating the specificity of the transitions.

The precision and accuracy of the assay were assessed by observing
the response of the QC samples with four different concentrations of P-
gp in three validation runs. The intra- and inter-day precisions were
expressed as the percent coefficient of variation (%CV). The accuracy
was obtained by comparing the average calculated concentrations to
their nominal values (%bias). The results are listed in Table 1. Both the
accuracy and precision were <+15% (LLOQ, <+£20%) [30]. The QC
data indicated acceptable accuracy and precision.

The recovery of the surrogate peptide was assessed using known
amounts of peptide added to the P-gp depleted tissue extract. The
percentage recovery was calculated as ((final concentration — initial
concentration) / added concentration) x 100 [31]. The result was ac-
ceptable (within the range of 85-115%, Table 1S). The three cycle

Table 1

Accuracy and precision for the QC samples.
Nominal concentration 10 ng/ml 30 ng/ml 200 ng/ml 800 ng/ml
Mean 9.49 28.2 198 817
%bias —5.1 —59 —1.2 2.1
Intra-day precision (%CV) 3.0 19 19 0.7
Inter-day precision (%CV) 0.6 1.5 3.0 23
n 18 18 18 18
Number of runs 3 3 3 3

freeze-thaw, 48 h post-preparative (4 °C) and 12 h room temperature
stabilities were also determined here. The results indicated that the sta-
bility of the peptide was acceptable (Table 2S).

3.4. Quantification of P-gp in breast tissue samples

Using the LC/MS/MS based targeted proteomics assay, 60 matched
pairs of breast tissue samples were subjected to analysis. The levels of
P-gp were accurately quantified as 0.092 4+ 0.018 ng/mg (range:
0.058-0.142 ng/mg breast tissue) in the normal tissue and 0.136 +
0.429 ng/mg (range: 0.056-1.48 ng/mg) in the tumor tissue (Fig. 2).
Their difference was not statistically significant at a 95% confidence
level. There was a large standard deviation in the results of the tumor
samples, indicating of a more diverse population. Indeed, the samples
were randomly selected from subjects suspected to have drug resis-
tance. As previously reported, a variety of pathways have been sug-
gested for cancer cells to acquire drug resistance [32]. Two major
pathways include drug efflux and the direct suppression of apoptosis.
Drug efflux occurs due to the increased membrane accumulation of var-
ious ATP-binding cassette (ABC) transporters, including P-gp. The sup-
pression of apoptotic pathways is most likely due to the accumulation
of mutant p53 (mutp53) with “gain of function” and to the increased
expression of antiapoptotic proteins, such as Bcl-2. Therefore, the pa-
tients who were suspected to be drug resistant could have exhibited ap-
optosis suppression or drug efflux by ABC transporters other than P-gp.
Furthermore, the variability of acquired resistance may also account for
the large standard deviation of the measured P-gp levels.

The P-gp reference interval was calculated as 0.057 (95% CI, 0.050-
0.064) ng/mg to 0.130 (95% CI, 0.122-0.136) ng/mg using MedCalc®
software ver 11.6.1 and data from normal tissues. Thus, 29 of 60
tumor samples contained P-gp levels exceeding this estimated refer-
ence interval. Their mean value was 0.663 + 0.408 ng/mg, which was
significantly different from that of normal tissue at a 95% confidence
level (Fig. 2). Among these samples, the levels of P-gp were also
compared according to the clinical histopathological features (i.e.,
tumor size, tumor grade, and lymph node status) of invasive ductal
carcinoma (Table 3S and Fig. 6S). However, their differences were
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Fig. 2. P-gp amounts in 36 matched pairs of breast tissue samples before and after removal
of tumor samples with P-gp level in the estimated reference interval.
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Fig. 3. Representative images of Western blotting (A), IHC (B) and LC/MS/MS-based targeted proteomics (C, 8 representative tumor tissue samples). Western blott analysis of P-gp is nor-

malized with 3-tubulin. Magnified regions of IHC images are also shown on the right.

not statistically significant (p > 0.05), probably due to the joint effect
of other drug resistance mechanisms and a limited sample size in this
study.

Because the level of P-gp is conventionally determined using IHC
and Western blotting, the tissue samples in this study were also exam-
ined using these techniques. Representative images from IHC, Western
blotting and LC/MS/MS-based targeted proteomics are shown in Fig. 3.
P-gp was almost undetected in normal tissue using IHC and Western
blotting. Of 60 tumor tissue samples, 26 showed detectable P-gp in

[HC and 15 indicated a band of P-gp in Western blotting. Thus, the
targeted proteomics approach provided a lower LOQ compared to the
other two methods. Although the immunostaining was not scored in
IHC, the percent positive cells (%) were counted for comparison with
LC/MS/MS [33]. As shown in Fig. 4, the LC/MS/MS method was compa-
rable to [HC (y = 0.0145x + 0.170, no significant deviation from linear-
ity (p = 0.48)) using Passing-Bablok regression analysis (MedCalc).
The estimated confidence intervals of the slope and intercept were
(0.0103-0.0179) and (0.0473-0.352), respectively.
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Fig. 4. Passing-Bablok regression analysis for the IHC vs. the LC/MS/MS assay. The solid line
corresponds to the regression line. Dashed lines represent the 95% confidence interval for
the regression line. * ng P-gp/mg breast tissue.

Nevertheless, there was a substantial disagreement between the re-
sults of these two methods in some samples. For instance, the sample
with ~90% P-gp positive cells had a lower level of protein determined
by the LC/MS/MS assay than the sample with ~50% positive cells. This
disagreement could be due to the subjective positive counts in IHC. On
the other hand, IHC is easy to perform and reproducible as a routine di-
agnostic tool in clinics [34]. One of its advantages over LC/MS/MS-based
targeted proteomics is the capability of IHC to discern between tumors
containing a small subpopulation of P-gp-positive cells and those show-
ing a low level of P-gp in 100% of the cells [35]. Moreover, IHC can be
used to determine the subcellular localization of proteins. Thus, targeted
proteomics may be more suggestive of the diagnosis and treatment
when combined with IHC in current situation. Finally, it deserves men-
tion that commonly used prognostic scoring systems such as Notting-
ham Prognostic Index (NPI) [36] were not performed in this study,
due to a limited sample size [34]. Thus, further careful comparison
using large sample sizes will be required to illustrate the eligibility of
the targeted proteomics assay.

4. Conclusions

The results presented in this study suggest that our LC/MS/MS-based
targeted proteomics assay can allow the quantification of P-gp levels in
breast tissue. Compared to Western blotting and IHC, this technique can
more accurately monitor protein amounts. So far, no reference interval
has been officially established for P-gp in clinical practice. Using the
data of normal tissue, we suggested a P-gp reference interval and de-
tected the overexpression of P-gp in some patients. Although the refer-
ence interval was determined using a limited number of individuals,
this study demonstrates that the targeted proteomics approach can po-
tentially detect P-gp mediated drug resistance. Future enlargement of
the sample size and large reference interval studies may be required.
These efforts may contribute to the improvement of diagnosis and the
treatment of breast cancer patients with drug resistance.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.cca.2014.06.013.

Acknowledgments

The authors acknowledge the National Natural Science Foundation
of China (21175071), the Research Fund for the Doctoral Program of

Higher Education of China (20093234120010), the project sponsored
by SRF for ROCS, SEM (39), the Open Foundation of Nanjing University
(SKLACLS1102) and the Jiangsu 6-type top talents program (D) awarded
to Dr. Chen. The authors thank American Journal Experts for proofreading
the article.

References

[1] Riordan JR, Deuchars K, Kartner N, Alon N, Trent J, Ling V. Amplification of P-
glycoprotein genes in multidrug-resistant mammalian cell lines. Nature 1985;
316:817-9.

[2] Gottesman MM, Pastan I. Biochemistry of multidrug resistance mediated by the
multidrug transporter. Annu Rev Biochem 1993;62:385-427.

[3] Linn SC, Giaccone G, van Diest PJ, Blokhuis WM, van der Valk P, van Kalken CK, et al.
Prognostic relevance of P-glycoprotein expression in breast cancer. Ann Oncol
1995;6:679-85.

[4] Tucker TG, Milne AM, Fournel-Gigleux S, Fenner KS, Coughtrie MW. Absolute
immunoquantification of the expression of ABC transporters P-glycoprotein, breast
cancer resistance protein and multidrug resistance-associated protein 2 in human
liver and duodenum. Biochem Pharmacol 2012;83:279-85.

[5] Tsukamoto F, Shiba E, Taguchi T, Sugimoto T, Watanabe T, Kim SJ, et al. Immunohis-
tochemical detection of P-glycoprotein in breast cancer and its significance as a
prognostic factor. Breast Cancer 1997;4:259-63.

[6] Barnidge DR, Dratz EA, Martin T, Bonilla LE, Moran LB, Lindall A. Absolute quantifica-
tion of the G protein-coupled receptor rhodopsin by LC/MS/MS using proteolysis
product peptides and synthetic peptide standards. Anal Chem 2003;75:445-51.

[7] Cox ], Mann M. Quantitative, high-resolution proteomics for data-driven systems bi-
ology. Annu Rev Biochem 2012;80:273-99.

[8] Doerr A. Targeted proteomics. Nat Methods 2011;8:43.

[9] Kim Y], Gallien S, van Oostrum ], Domon B. Targeted proteomics strategy applied to
biomarker evaluation. Proteomics Clin Appl 2013;7:739-47.

[10] Method of the year 2012. Nat Methods 2013;10:1.

[11] Yang T, Xu F, Xu J, Fang D, Yu Y, Chen Y. Comparison of liquid chromatography-tan-
dem mass spectrometry-based targeted proteomics and conventional analytical
methods for the determination of P-glycoprotein in human breast cancer cells. |
Chromatogr B 2013;936:18-24.

[12] Jones BR, Schultz GA, Eckstein JA, Ackermann BL. Surrogate matrix and surrogate
analyte approaches for definitive quantitation of endogenous biomolecules.
Bioanalysis 2012;4:2343-56.

[13] Gonzalez-Angulo AM, Morales-Vasquez F, Hortobagyi GN. Overview of resistance to
systemic therapy in patients with breast cancer. Madame Curie Bioscience Database. Austin
(TX): Landes Bioscience; 2000 [Internet, Available from: http://www.ncbi.nlm.nih.gov/
books/NBK6306/].

[14] Elston CW, Ellis 10. Pathological prognostic factors in breast cancer. I. The value of
histological grade in breast cancer: experience from a large study with long-term
follow-up. Histopathology 1991;19:403-10.

[15] Kamiie J, Ohtsuki S, Iwase R, Ohmine K, Katsukura Y, Yanai K, et al. Quantitative atlas
of membrane transporter proteins: development and application of a highly sensi-
tive simultaneous LC/MS/MS method combined with novel in-silico peptide selec-
tion criteria. Pharm Res 2008;25:1469-83.

[16] Li N, Nemirovskiy OV, Zhang Y, Yuan H, Mo ], Ji C, et al. Absolute quantification of
multidrug resistance-associated protein 2 (MRP2/ABCC2) using liquid chromatogra-
phy tandem mass spectrometry. Anal Biochem 2008;380:211-22.

[17] Li N, Palandra ], Nemirovskiy OV, Lai Y. LC-MS/MS mediated absolute quantification
and comparison of bile salt export pump and breast cancer resistance protein in
livers and hepatocytes across species. Anal Chem 2009;81:2251-9.

[18] Roy R, Yang ], Moses MA. Matrix metalloproteinases as novel biomarkers and poten-
tial therapeutic targets in human cancer. ] Clin Oncol 2009;27:5287-97.

[19] Proc JL, Kuzyk MA, Hardie DB, Yang ], Smith DS, Jackson AM, et al. A quantitative
study of the effects of chaotropic agents, surfactants, and solvents on the diges-
tion efficiency of human plasma proteins by trypsin. ] Proteome Res; 2010;
9:5422-37.

[20] Zhang Y, Li N, Brown PW, Ozer ]S, Lai Y. Liquid chromatography/tandem mass spec-
trometry based targeted proteomics quantification of P-glycoprotein in various bio-
logical samples. Rapid Commun Mass Spectrom 2012;25:1715-24.

[21] Miliotis T, Ali L, Palm JE, Lundqvist AJ, Ahnoff M, Andersson TB, et al. Development of
a highly sensitive method using liquid chromatography-multiple reaction monitor-
ing to quantify membrane P-glycoprotein in biological matrices and relationship to
transport function. Drug Metab Dispos 2012;39:2440-9.

[22] Deutsch EW, Lam H, Aebersold R. PeptideAtlas: a resource for target selection for
emerging targeted proteomics workflows. EMBO Rep 2008;9:429-34.

[23] Pryde JG. Partitioning of proteins in Triton X-114. New Jersey: Humana Press Inc.;
1998.

[24] Bordier C. Phase separation of integral membrane proteins in Triton X-114 solution.
Biol Chem 1981;256:1604-7.

[25] Crother TR, Nally JE. Analysis of bacterial membrane proteins produced during
mammalian infection using hydrophobic antigen tissue triton extraction
(HATTREX). Curr Protoc Microbiol 2008;9:12.1.1-5 [Chapter 12:Unit 12.1].

[26] Mathias RA, Chen YS, Kapp EA, Greening DW, Mathivanan S, Simpson R]. Triton X-
114 phase separation in the isolation and purification of mouse liver microsomal
membrane proteins. Methods 2011;54:396-406.

[27] Balogh LM, Kimoto E, Chupka ], Zhang H, Lai Y. Membrane protein quantification by
peptide-based mass spectrometry approaches: studies on the organic anion-
transporting polypeptide family. Proteomics Bioinformatics 2012;54:1-8.


http://dx.doi.org/10.1016/j.cca.2014.06.013
http://dx.doi.org/10.1016/j.cca.2014.06.013
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0005
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0005
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0005
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0120
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0120
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0010
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0010
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0010
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0015
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0015
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0015
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0015
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0020
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0020
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0020
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0025
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0025
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0025
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0030
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0030
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0035
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0040
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0040
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0125
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0130
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0130
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0130
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0130
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9000
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9000
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9000
http://www.ncbi.nlm.nih.gov/books/NBK6306/
http://www.ncbi.nlm.nih.gov/books/NBK6306/
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0045
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0045
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0045
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0050
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0050
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0050
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0050
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0055
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0055
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0055
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0060
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0060
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0060
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0065
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0065
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9005
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9005
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9005
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9005
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0070
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0070
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0070
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0075
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0075
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0075
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0075
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0080
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0080
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0085
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0085
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0090
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0090
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0140
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0140
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0140
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0095
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0095
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0095
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0145
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0145
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0145

T. Yang et al. / Clinica Chimica Acta 436 (2014) 283-289 289

[28] Lebert D, Dupuis A, Garin ], Bruley C, Brun V. Production and use of stable
isotope-labeled proteins for absolute quantitative proteomics. Methods Mol
Biol; 2009;753:93-115.

[29] Yu Y, Xu ], Liu Y, Chen Y. Quantification of human serum transferrin using liquid
chromatography-tandem mass spectrometry based targeted proteomics.
] Chromatogr B Analyt Technol Biomed Life Sci 2012;902:10-5.

[30] http://www.fda.gov/downloads/Drugs/Guidances/ucm070107.pdfGuidance for in-
dustry: bioanalytical method validation, In: U.S. Department of Health and Human
Services FaDA, editor. ; 2001.

[31] Wind TC, Messenger MP, Thompson D, Selby PJ, Banks RE. Measuring carbonic
anhydrase IX as a hypoxia biomarker: differences in concentrations in serum and
plasma using a commercial enzyme-linked immunosorbent assay due to influences
of metal ions. Ann Clin Biochem; 2011;48:112-20.

[32] Kanagasabai R, Krishnamurthy K, Druhan LJ, [langovan G. Forced expression of heat
shock protein 27 (Hsp27) reverses P-glycoprotein (ABCB1)-mediated drug efflux

and MDR1 gene expression in Adriamycin-resistant human breast cancer cells. ]
Biol Chem; 2011;286:33289-300.

[33] Shaikh A, Seegmiller JC, Borland TM, Burns BE, Ladwig PM, Singh R], et al. Comparison
between immunoturbidimetry, size-exclusion chromatography, and LC-MS to quantify
urinary albumin. Clin Chem 2008;54:1504-10.

[34] Guerra I, Algorta ], Diaz de Otazu R, Pelayo A, Farina ]. Immunohistochemical prog-
nostic index for breast cancer in young women. Mol Pathol 2003;56:323-7.

[35] Schoenherr RM, Whiteaker JR, Zhao L, Ivey RG, Trute M, Kennedy ], et al.
Multiplexed quantification of estrogen receptor and HER2/Neu in tissue and
cell lysates by peptide immunoaffinity enrichment mass spectrometry. Proteomics;
2012;12:1253-60.

[36] Galea MH, Blamey RW, Elston CE, Ellis 10. The Nottingham Prognostic Index in pri-
mary breast cancer. Breast Cancer Res Treat 1992;22:207-19.


http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9020
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9020
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9020
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0100
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0100
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0100
http://www.fda.gov/downloads/Drugs/Guidances/ucm070107.pdf
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9030
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9030
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9030
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9030
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9050
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9050
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9050
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9050
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0105
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0105
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0105
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0110
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0110
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9060
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9060
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9060
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf9060
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0115
http://refhub.elsevier.com/S0009-8981(14)00271-X/rf0115

	A liquid chromatography–tandem mass spectrometry-based targeted
proteomics assay for monitoring P-glycoprotein levels in human
breast tissue

	1. Introduction
	2. Materials and methods
	2.1. Chemicals and reagents
	2.2. Preparation of stock solutions, calibration standards and quality controls (QCs)
	2.3. Tissue collection
	2.4. Membrane protein extraction
	2.5. In-solution tryptic digestion
	2.6. LC/MS/MS
	2.7. Conventional analytical methods

	3. Results and discussion
	3.1. Selection of surrogate peptide
	3.2. Membrane protein extraction and digestion efficiency
	3.3. LC/MS/MS assay development and validation
	3.4. Quantification of P-gp in breast tissue samples

	4. Conclusions
	Acknowledgments
	References


