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Targeted Proteomics Enables
Simultaneous Quantification of
Folate Receptor Isoforms and
o Potential Isoform-based Diagnosis
| ‘in Breast Cancer
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. The distinct roles of protein isoforms in cancer are becoming increasingly evident. FRa and FR3,

: two major isoforms of the folate receptor family, generally have different cellular distribution and

© tissue specificity. However, the presence of FR3 in breast tumors, where FRa is normally expressed,
complicates this situation. Prior to applying any FR isoform-based diagnosis and therapeutics, it is
essential to monitor the expression profile of FR isoforms in a more accurate manner. An LC-MS/
MS-based targeted proteomics assay was developed and validated in this study because of the lack
of suitable methodology for the simultaneous and specific measurement of highly homologous
isoforms occurring at low concentrations. FRow and FR3 monitoring was achieved by measuring

. their surrogate isoform-specific peptides. Five human breast cell lines, isolated macrophages and

. 60 matched pairs of breast tissue samples were subjected to the analysis. The results indicated that

© FR{ was overexpressed in tumor-associated macrophages (TAMs) but not epithelial cells, in addition

. to an enhanced level of FRa in breast cancer cells and tissue samples. Moreover, the levels of the

. FR isoforms were evaluated according to the histology, histopathological features and molecular

. subtypes of breast cancer. Several positive associations with PR/ER and HER2 status and metastasis

. were revealed.

The clinical relevance of specific protein isoforms is becoming increasingly clear, particularly in cancer
diagnosis and treatment. However, the ability to discover, validate and utilize protein isoforms in clini-
cal practice is severely limited by the existing laboratory tools. Among these attempts, the investigation
of the folate receptor (FR) family is facing a more complex situation. This protein family can mediate
uni-directional folate transport into cells and is one of the most potent targets in cancer'. Among the
* four identified isoforms of FR («, 3, , and 9), FRa and FR3 are 38kDa membrane-associated proteins
. that have a high affinity for folate?. In addition, they are both active when the folate supply is low or
: when rapid cell growth requires elevated folate uptake. Despite these similarities and the known high fre-
: quency in cancers, the two isoforms have different cellular distribution patterns and tissue specificity>*.
In general, FRa is expressed in certain normal epithelial cells, and its expression is markedly enhanced
in several carcinomas, including breast cancer, whereas FR(3 is often overexpressed in non-epithelial
malignancies*. Thus, FRa and FR3 are not expected to be observed together. However, several recent
reports have shown the presence of FR(3 as well as FRa in breast tumors®. The subsequent investigation
. suggested that the detected FR3 was actually not present on the tumor itself, but on tumor-associated
: macrophages (TAMs) that accumulated at the tumor sites®.
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As a leading cause of death in women, breast cancer is highly complex, with cancer cells consti-
tuting only one of many distinct cell types. Indeed, within breast tumors, cancer cells represent only
a small proportion (<20%) of the total cell numberS. The remaining cell types, including TAMs, are
often grouped together under the collective term of “tumor-associated stroma”. The appearance of FR3
in TAMs suggested that FR3 may be a useful breast cancer marker and a potential target for anti-cancer
therapy, in addition to FRa, because breast cancer development and progression are highly dependent on
specialized tumor-associated stroma’, as tumors rarely develop in the absence of this microenvironment.
However, the expression profile of FR isoforms across the disease is unknown, making it difficult to apply
FR isoform-based diagnosis and therapeutics. It is essential to monitor the level of FR isoforms in a more
accurate manner to comprehensively assess their clinical significance.

To date, numerous reports have demonstrated that protein isoform distributions are related to clini-
cal effects. However, there is a lack of suitable methods for the simultaneous and specific measurement
of highly homologous isoforms occurring at low concentrations in biological samples. Antibody-based
techniques, including Western blotting® and immunohistochemistry (IHC)?, have been traditionally
employed to measure protein levels. Using these techniques, the detection of protein isoforms is mainly
based on a panel of antibodies that recognize distinct epitopes and different electrophoresis motilities'.
While these techniques provide valuable information on protein levels, they remain to be improved due
to the lack of the necessary specificity and reproducibility". In addition, one isoform is usually targeted
at a time because the methods for developing multiple colors are complicated due to fluorescence spectral
overlap!'?. Furthermore, it should be noted that one can compare the expression levels of each isoform
only when the antibody recognizes an identical epitope per isoform'®. More importantly, most of the
assays that have been developed are qualitative or semi-quantitative but not quantitative®®.

Liquid chromatography-tandem mass spectrometry (LC-MS/MS)-based targeted proteomics may
represent a promising alternative method for protein isoform quantification. In a targeted protein analy-
sis, selected/multiple reaction monitoring (SRM or MRM) on a triple quadrupole instrument is generally
employed, and LC-MS/MS assays are developed to detect fragment ion signals from proteolytic peptides
representing the targeted protein!#!°. The precursor/product ion m/z pair, referred to as the transition, is
used to yield the chromatogram. The area under the chromatogram curve provides a quantitative meas-
urement for each desired peptide and target protein. Thus, simultaneous monitoring of protein isoforms
may be achieved by measuring the surrogate peptides that are specific to each isoform’®. Indeed, a similar
approach has been successfully used to monitor several protein isoform occurrences'®!3.

This study first developed and validated an LC-MS/MS-based targeted proteomics assay for the simul-
taneous quantification of FRa and FR3 in human breast cells and tissue samples. This assay was then
applied to the quantitative analysis of FR isoforms in the MCF-10 A normal breast cell line; the MCF-7/
WT, T47D, MDA-MB-231 and MCF-7/ADR breast cancer cell lines; macrophages isolated from fresh
breast tissue; and 60 pairs of primary human breast tumors and adjacent normal tissue samples. The
resulting values were compared to those obtained using Western blotting and IHC. Finally, the biological
distribution of the FRs and their differential levels based on breast cancer histology, clinical histopatho-
logical features and molecular subtypes were also discussed.

Materials and Methods

Chemicals and Reagents. Stable isotope-labeled amino acids were supplied by Cambridge Isotope
Laboratories, Inc. (Andover, MA, USA). The synthetic proteolytic peptides and their corresponding sta-
ble isotope-labeled internal standards were synthesized by ChinaPeptides Co., Ltd. (Shanghai, China).
FRa and FRB were purchased from Abnova (Taipei, Taiwan) and Abcam (Cambridge, UK), respec-
tively. Ammonium bicarbonate (NH,HCO;) was obtained from Qiangshun Chemical Reagent Co., Ltd.
(Shanghai, China). DL-dithiothreitol (DTT), iodoacetamide (IAA), Tris-HCI and Triton X-114 were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethylenediaminetetraacetic acid disodium salt
(EDTA-2Na) was obtained from Sinopharm Chemical Reagent Company (Shanghai, China). Sequencing
grade modified trypsin was purchased from Promega (Madison, WI, USA) Phosphate buffered saline
(PBS) was purchased from the Beyotime Institute of Biotechnology (Jiangsu, China). Acetonitrile (ACN)
and methanol were obtained from Tedia Company, Inc. (Fairfield, OH, USA). Trifluoroacetic acid (TFA)
and formic acid (FA) were purchased from Aladdin Chemistry Co., Ltd. (Shanghai, China) and Xilong
Chemical Industrial Factory Co., Ltd. (Shantou, China), respectively. Sodium dodecyl sulfate (SDS) was
obtained from Generay Biotech Co., Ltd (Shanghai, China). Water was purified and deionized with a
Milli-Q system from Millipore (Bedford, MA, USA).

Preparation of Stock Solutions, Calibration Standards and Quality Controls (QCs). Protein
stock solutions (0.05mg/mL, purity >90%) were prepared in deionized water. The concentrations of
FRa and FR3 were determined as 0.0493 mg/mL and 0.0478 mg/mL, respectively, using a BCA protein
assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). The solutions were stored at —20°C in a brown
glass tube to protect them from light. The corresponding isotope-labeled synthetic peptides were used
as internal standards. The internal standards were also weighed, and a 5pg/mL stock solution of each
internal standard was prepared in deionized water. A 60 ng/mL internal standard solution was prepared
by diluting the stock solution with an ACN: water mixture (50:50, v/v) containing 0.1% FA.
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FRo and FR( calibration standards were prepared by serial diluting the stock solutions using
FR-depleted cellular and tissue extracts as the matrix. The experimental details for the preparation of
the immuno-depleted matrix have been provided in our previous work and are briefly given in the
Supplementary Material'®?. A calibration curve was acquired using the standards containing both pro-
teins. The calibration standards were prepared at 500, 1000, 2000, 3750, 5000, 7500 and 10000 ng/mL. The
QC standards (i.e., lower limit of quantification (LLOQ), low QC, mid QC and high QC) were prepared
at 500, 1500, 3750 and 8000 ng/mL, respectively, in the same matrix and frozen prior to use.

Cell Culture and Tissue Collection. MCF-7/WT (ATTC, Manassas, VA) and MDA-MB-231 (ATTC,
Manassas, VA) cells were cultured in DMEM supplemented with 10% fetal bovine serum, 80 U/mL
penicillin and 80pg/mL streptomycin at 37°C and 5% CO,. MCF-7/ADR (Keygen Biotech, Nanjing,
China) and T47D (ATTC, Manassas, VA) cells were cultured in RPMI 1640 media (with L-glutamine
and sodium pyruvate) supplemented with 10% fetal bovine serum. MCF-10A cells (ATTC, Manassas,
VA) were routinely maintained in DMEM/F12 supplemented with 10% fetal bovine serum and 1% pen-
icillin/streptomycin. The cells were split every 5-7 days by the lifting cells with 0.25% trypsin, and the
cells were fed between splits by the addition of fresh medium. The macrophages were isolated from fresh
breast tissue with a Percoll™ Density Gradient Centrifugation Media (GE Healthcare, Buckinghamshire,
UK; please see the Supplementary Material). The cells were counted with a hemocytometer (Qiujing,
Shanghai, China). Cell viability was assessed by Trypan blue (0.4%) exclusion. The cell suspensions,
Trypan blue and 1 x PBS were mixed in a 2:5:3 ratio, and the percentage of viable cells was counted after
incubation for 5min at 37°C.

The breast tissue collection in this study was approved by the Institutional Review Board of Nanjing
Medical University. The methods were performed in accordance with the approved guidelines. Sixty
pairs of breast tissue samples consisting of tumors and adjacent normal sections were collected consec-
utively between January 2012 and December 2012 at the First Affiliated Hospital of Nanjing Medical
University and Nanjing Drum Tower Hospital, Nanjing, China (mean patient age, 52.9 & 8.6 years; age
range, 38-65 years). The tissue sections were confirmed as normal or cancerous by hospital pathologists.
Among the tumor tissues, 39 samples were invasive ductal carcinoma, 19 were invasive lobular carci-
noma and 2 were other histological types. The tumor grade was assessed according to the Nottingham
scheme?!. Histological evaluation of the adjacent normal tissue samples showed no indication of contam-
ination from the tumor or other abnormal cells. The patients were biologically unrelated, but all patients
belonged to the Han Chinese ethnic group from the Jiangsu province in China. Informed consent was
obtained from the subjects. The tissue samples were stored at —80°C until analysis. Prior to protein
extraction, the tissue samples were thawed to room temperature and rinsed thoroughly with deionized
water. The fat tissue was removed, and the remaining tissue was cut into small pieces and transferred to
tubes. In addition to the LC-MS/MS analysis, the samples were also subject to ER, PR and HER2 tests.
The HER?2 status was evaluated according to the ASCO/CAP guidelines as a 4-grade system (0-3+).
Only a 3+ HER2 score was counted as positive in breast cancer, and the ER and PR positive cut-off
points were deemed positive if >1% of tumor cells were stained.

Membrane Protein Extraction. The extraction of membrane proteins with Triton X-114 has been
previously described?*?. In detail, the cells were pelleted at 1480 x g for 10 min and then resuspended in
500 L of 1% Triton X-114 extraction buffer (1mM DTT, 2mM EDTA-2Na in 50 mM Tris/HCI, pH 7.4)
containing 1% protease inhibitor cocktail. The samples were incubated on ice for 30 min and at 37°C for
10min, and then centrifuged at 10,000 x g for 3min to separate the detergent and aqueous phases. To
achieve a complete extraction, 500pL of 1% Triton X-114 extraction buffer and 500l of 0.06% Triton
X-114 wash buffer (1mM DTT, 2mM EDTA in 50 mM 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 using cold acetone. The protein pellets were
then dissolved in a 1% SDS solution. The protein concentrations of the resulting membrane fractions
were determined using the BCA protein assay kit. For the breast tissue samples, approximately 50 mg
tissue was weighed and resuspended in buffer containing 50 mM Tris/HCl, pH 7.4, 2mM EDTA, 1 mM
DTT, 150 mM NaCl and 1% protease inhibitor cocktail. The samples were homogenized using a Bio-Gen
PRO200 homogenizer (PRO Scientific Inc., Oxford, CT, USA). After centrifugation, the collected samples
were treated with Triton X-114 and extracted using the procedure described above.

In-solution Tryptic Digestion. A 100pL aliquot of each sample (calibration standards, QCs and
extracted samples) was mixed with 50pL of 50mM NHHCO; and denatured at 95°C for 8 min.
Subsequently, the protein was reduced by the addition of 50mM DTT until a final concentration of
10 mM was achieved and incubated at 60 °C for 20 min. The sample was then alkylated by adding 400 mM
IAA to obtain a final concentration of 50mM and incubated at room temperature for 6h 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 10pL of 0.1% TFA. Then, 100pL of the internal standard solution was added
to the tryptic peptide mixture before transferring it to an Oasis HLB cartridge (60 mg/3 mL; Waters,
Milford, MA, USA) that had been preconditioned with 3mL ACN and 3mL deionized water. After the
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Figure 1. The product ion spectra and representative LC-MS/MS chromatograms for
159GWNWTSGFNK168 (A) and 153GWDWTSGVNK162 (B). The internal standard is omitted for clarity.

sample was loaded, the cartridge was washed with 2mL of water and 2mL of ACN: water (50:50, v/v)
and eluted with 1 mL of 100% ACN. Finally, the eluent was evaporated to dryness, and the sample was
resuspended in 100pL of ACN: water (50:50, v/v) containing 0.1% FA.

LC-MS/MS. An Agilent Series 1200 HPLC system (Agilent Technologies, Waldbronn, Germany) and
a 6410 Triple Quad LC/MS mass spectrometer (Agilent Technologies, Santa Clara, CA, USA) were used
for the LC-MS/MS studies.

The liquid chromatography separations were performed on a Hypersil GOLD column (3 pm,
100mm X 2.1 mm; Thermo Fisher Scientific, USA) at room temperature. The mobile phase consisted of
solvent A (0.1% FA in water) and solvent B (0.1% FA in methanol). A linear gradient with a flow rate of
0.3 mL/min was applied in the following manner: B 10% (0min)— 10% (1min) — 90% (4 min) — 90%
(8 min) — 10% (9 min). The injection volume was 10 L.

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 10L/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 processed using the Agilent
MassHunter Workstation Software (version B.01.04).

Conventional Analytical Methods. For the experimental details of IHC and Western blotting,
please see the Supplementary Material.

Ethical Approval. This study was approved by the Institutional Review Board of Nanjing Medical
University, Nanjing, China.

Results and Discussion

Selection of FRo and FRQ3 Isoform-specific Surrogate Peptides. In complex proteomes, a major
challenge frequently encountered when identifying candidate biomarkers and targets of anti-cancer ther-
apy is to establish quantitative assays that distinguish between highly homologous proteins. Among the
various assays for protein quantification, LC-MS/MS-based targeted proteomics is a particularly valuable
method of choice. For a targeted proteomics assay, it is often not trivial to reconnect surrogate peptides to
a precise protein of origin due to the presence of shared proteolytic peptides from protein isoforms. Thus,
the most critical step in the experimental design and assay establishment for measuring protein isoforms
is the selection of surrogate peptides that are isoform-specific. In this study, both FRa and FR3 are 38kDa
in size, as previously mentioned. The result of amino acid sequence alignment indicated an 80% identity
between FRa and FRQ (Fig. 1S), leading to fewer available peptides that are isoform-specific and meet
the general criteria for peptide selection (e.g., uniqueness and adequate response)?**. After excluding the
peptides that were either not isoform-specific or not unique to the proteins, we performed an LC-MS/
MS analysis of protein digests with the list of potential peptides to determine the tryptic peptides that
were present in the greatest abundance. As a result, the most abundant peptides were the doubly charged
ions of 159GWNWTSGFNK168 for FRa and 153GWDWTSGVNK162 for FR3%. Further evaluation
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using the synthetic reference peptides showed that the tryptic and reference peptides co-eluted perfectly
and exhibited identical fragmentation patterns. In addition, these sequences were found to be unique to
FR proteins (accession no. P15328 (FOLR1_HUMAN) and P14207 (FOLR2_HUMAN)) using a BLAST
search, suggesting that they could be used to specifically quantify FRa and FRB. The product ion spectra
and extracted ion chromatograms of 159GWNWTSGFNK168 and 153GWDWTSGVNK162 are shown in
Fig. 1. The characteristic sequence-specific b ions and y ions were indicative of these peptides. Therefore,
synthetic stable isotope-labeled peptides, 159GWNWTSGF*NK168 and 153GWDWTSGV*NK162, were
prepared. The peptides were labeled at the corresponding phenylalanine (**Cy) and valine positions (D)
and eluted at the same retention time (7.77 min and 8.05min) as the non-labeled peptides. The product
ion spectra of the stable isotope-labeled peptides were also acquired and validated (data not shown).

Development and Validation of an LC-MS/MS-based Targeted Proteomics Assay. The com-
pleteness and reproducibility of trypsin digestion must be carefully assessed to provide an accurate and
precise amount of the proteins. Though 100% digestion efficiency is generally ideal for protein quantifi-
cation, reproducible digestion is more than acceptable in this study because pure proteins were used to
prepare the standards. Thus, only a brief description was given here. Following a similar process provided
in our previous work?** and using the substrate peptide containing the same peptide sequence (to
mimic a piece of the targeted protein), the digestion efficiency was calculated by comparing the response
ratios of the tryptic peptide after digestion and the equimolar synthetic peptide standard in the digestion.
The estimated values were 97.2% and 95.4% for 159GWNWTSGFNK168 and 153GWDWTSGVNK162,
respectively.

Another important step in protein quantification is to generate high-quality MRM?. In this study, the
transitions that gave the best signal-to-noise and limit of quantification (LOQ) for 159GWNWTSGFNK168
and 153GWDWTSGVNKI162 were both afforded by the product ion b2 m/z 243.9. These characteristic
mass patterns were also observed using the stable isotope-labeled internal standards. Using the tran-
sitions of m/z 598.7 — 243.9, m/z 603.4— 243.9 (IS) and m/z 575.2— 243.9, m/z 579.3 — 243.9 (IS),
an LC-MS/MS assay was developed and validated to measure FRa and FRB. Solid phase extraction
was selected as the technique of choice for sample cleanup and enrichment in this study because, as
previously reported, it has shown great promise for sample preparation®. Calibration standards contain-
ing both proteins were prepared to reduce the analysis time’. The calibration curves were constructed
using a weighted linear regression model with a weighting factor of 1/x. The relative peak area ratio of
the analyte and the stable isotope-labeled internal standard was plotted against concentration. Because
similar results were obtained for the cellular and tissue extracts, only the validation for the tissue sam-
ples was presented. Representative calibration curves are shown in Fig. 2S. The LOQ was 500 ng/mL.
Chromatograms of the LLOQs and blanks are shown in Fig. 3S. Notably, the LLOQ in the present study
was the lowest standard on the calibration curve if the following conditions were met: 1) the analyte
response at the LLOQ should be at least 5 times the response compared to blank response and 2) ana-
lyte response should be identifiable, discrete, and reproducible with a precision of 20% and accuracy of
80-120%2"%. The results indicated that no significant interfering peak was found at the retention time
for peptides in the chromatogram of the blank matrix, in agreement with the condition that the analyte
response at the LLOQ should be at least 5 times the blank response. This outcome demonstrated that
the extent of depletion was significant in the immuno-depleted membrane fraction, which was also
confirmed by Western blotting (Fig. 4S). Thus, the FR-depleted membrane fraction can be utilized as a
surrogate matrix in this study. To further examine the specificity of the MRM transitions for quantifica-
tion, a second product ion of the peptides was evaluated here for confirmation (i.e., m/z 598.7 — 261.1
and m/z 575.2 — 358.9)*. The values determined for the MRM transition pairs of each peptide were
consistent for each standard and throughout the calibration range (Table 1S). After confirmation, the
transitions of m/z 598.7 — 243.9 (FRa) and m/z 575.2 — 243.9 (FRB) were employed for sample analysis.
It is worth mentioning that utilization of MRM transitions with more than one fragment ion for one
precursor is often as a confirmative measure®*2, but it can increase the detection specificity of peptides
derived from low-abundant proteins in some cases®**%. Because the quantification values for a single
protein could be surrogate peptide-dependent®®, a second surrogate peptide under a single condition
was used for additional confirmation?. Due to the absence of an appropriate second peptide for FR3,
only FRa was processed using another surrogate peptide 77DVSYLYR83 (Fig. 5S), and the result will be
evaluated in the next section.

The precision and accuracy of the assay were assessed by observing the response of the QC samples
with four different concentrations of peptides 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 averaged calculated concentrations to their nominal values (%bias). The results are listed in Table 2S.
Both accuracy and precision were <=+15% (LLOQ, < £20%)%.

Three freeze-thaw cycles, 48h post-preparative (4°C) and 12h room temperature stabilities were also
conducted here. The results indicated that the stability of the peptides and proteins was acceptable (data
not shown).

Simultaneous Quantification of FRa. and FRB3 in Breast Tissue Samples. The LC-MS/
MS-based targeted proteomics assay developed and validated above was first applied to the detection
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Figure 2. The levels of FR isoforms in 60 matched pairs of breast tissue samples.
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Invasive Ductal Carcinoma 39 3.54+1.51 1.18£0.57 <0.0001 2.25+1.04 0.80£0.44 < 0.0001
Invasive Lobular Carcinoma 19 2224179 1.324+0.85 0.0234 2.06+0.93 0.7540.40 0.0037
Others 2 1.454+0.14 1.304+0.03 0.434 — — —

Table 1. The level of FR isoforms in breast cancer patients. P value of less than 0.05 was considered
statistically significant. °by paired t-test.

and quantification of FR isoforms in human breast tissue samples. Sixty matched pairs of breast tissue
samples were subjected to analysis. In the normal tissue, the levels of FRa and FR( were accurately
quantified as 1.20+ 0.66ng/mg breast tissue (range: 0.34-3.29ng/mg) and 0.79+ 0.43 ng/mg (range:
0.33-2.17 ng/mg), respectively, and in the tumor tissue, the levels of FRa and FR3 were 3.024 1.73ng/
mg (range: 0.31-7.51 ng/mg) and 2.18 + 0.90 ng/mg (range: 0.69-5.46 ng/mg), respectively (Fig. 2). The
FRo result was not significantly different from that using 77DVSYLYRS83 as surrogate peptide. Notably,
FR3 was undetectable in the normal tissue from 19 patients (32%, <LOQ). A two-way comparison
using the Mann-Whitney test showed that normal tissue samples have significantly lower levels of the
FR isoforms compared to the tumors (P < 0.0001). The FRa and FRQ reference intervals were calculated
as —0.104 (95% CI, —0.345-0.137) ng/mg to 2.49 (95% CI, 2.25-2.73) ng/mg, and —0.046 (95% CI,
—0.240-0.148) ng/mg to 1.63 (95% CI, 1.43-1.82) ng/mg, respectively, using MedCalc® software Version
11.6.1 and data from the normal tissue. Thus, 35 and 46 of the 60 tumor samples contained FRa and FR3
levels, respectively, and exceeded their estimated reference intervals. Compared to FRa, FR3 expression
was more pronounced and less variable in breast tumors, implying that FR3 may be a better candidate
for certain patients.

Furthermore, an evaluation of the patients’ breast cancer histology indicated that both invasive ductal
carcinoma (IDC) and invasive lobular carcinoma (ILC) had an enhanced level of the FRs, and the increase
of these receptor proteins was more significant in IDC (Table 1). Because the frequency and degree of
FR expression were likely associated with the cancer characteristics, their levels were also compared
according to the clinical histopathological features (i.e., tumor size, tumor grade, and lymph node status)
and molecular subtypes of IDC (Table 2). The FRa result indicated that the histopathological charac-
teristics may be correlated to its expression, which was in agreement with previous reports®. However,
the obtained differences were not statistically significant (p > 0.05). More importantly, we found that
FRo was negatively associated with PR/ER and HER2 expression in breast cancer. A possible expla-
nation could be that the hormone receptor-positive tumors often had a lower incidence of FRa. There
is evidence indicating that FRa expression is regulated by steroid hormones, particularly estrogens®.
Specifically, 73-estradiol can down-regulate FRow expression by direct action of ER on the P4 promoter of
FRa. Thus, it is not surprising to also find enriched FRa in clinical triple negative breast cancer (TNBC)
patients®. The previous result that IDC patients tended to have enhanced FRa may be explained because
triple negative breast cancer (TNBC) is usually invasive and usually begins in the breast ducts®.

Different from FRa, metastasis was the only factor closely associated with the level of FR3 in this
study. Because the occurrence of FR{ in breast tumors remained undetected until recently, the role of
FR3 in disease development has been rarely reported. Based on the previous findings, FR3 is expressed
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Tumor Size <2cm 6 3.05+1.43 1.89+0.98
2-5cm 27 3.56 £ 1.60 2.46+0.99
>5cm 6 3.92+1.24 0.491 2.4940.70 0.46
Lymph Node Status NO 4 2.93+1.53 1.72+£0.24
N1 10 3.07£1.05 1.76+0.83
N2 15 3.44+1.62 2.4540.66
N3 10 3.62+1.73 0.217 3.15+1.06 0.009
Tumor Grade GI 10 3.154+1.25 1.8940.67
GII 15 3.29+1.50 2.33+£0.85
GIII 14 441+1.56 0.152 2.944+1.06 0.078
Molecular Subtype PR/ER+ 22 292+1.21 2.16+0.85
PR/ER- 17 3.93+1.52 0.003 2.64+1.04 0.32
HER2+ 7 2.52+0.94 1.914+0.78
HER2— 32 3.76+1.52 0.031 2.481+0.97 0.188

Table 2. Correlation of the level of FR isoforms with the histopathological parameters and molecular
subtypes of invasive ductal carcinoma. P value of less than 0.05 was considered statistically significant. “By
Kruskal-Wallis test or Mann-Whitney test.

FRB (ng/mg)

FRa (ng/mg)

(8

N @ h

The Ratio of FRa and FRp

Patient Number

Figure 3. The ratio of FRa to FRp in breast cancer patients (A) and the regression analysis of FRa with FRp
(B). The solid line corresponds to the regression line. Dashed lines represent the 95% confidence interval for
the regression line.

by TAMs that enhanced tumor progression by promoting tumor invasion, migration and angiogene-
sis*%. Thus, TAMs were often abundantly present in malignant tumors, as should be FR3. While mac-
rophage infiltration density is also reported to be strongly associated with ER/PR and HER2 status®,
we found that these hormones were not significantly associated with FR3.
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Figure 4. THC images of representative breast tumors with weak, moderate and strong FRa expression and
normal tissue (A); FRP expression in tumor tissues where CD68" is present (B).

The data show that the FRa and FR( levels in individual patients do not fluctuate in concert (Fig. 3A).
Further regression analysis revealed that there was a positive relationship between FRa and FR3, whereas
the obtained correlation coefficient (r = 0.285, p > 0.05) suggested that this relationship was low (Fig. 3B).
Despite their differential tissue distribution, the expression ratio of FR(3 to FRa was still processed across
the patient samples in this study. As a result, most samples indicated a substantial difference in the pair-
wise ratio of the FR isoforms. Therefore, the ratio of the FR isoforms may have the potential to stratify
breast cancer patients into subgroups, which deserves further testing with a larger sample size.

Comparison of Targeted Proteomics and IHC for FR Isoform Analysis. In general, the proteins
in tissue samples are typically determined using IHC. From the IHC images (Fig. 4), we should note that
one of its advantages is the capability to discern between tumors containing a small subpopulation of
FR-positive cells and those showing a low level of FR in 100% of the cells*'. Moreover, the co-localization
of FRB and CD68, which is frequently used as a marker of macrophages, proved once again that FR3
occurred in TAMs from the stroma, but not in epithelial cells.

However, the IHC assays are normally not quantitative, are difficult to standardize across laboratories
and are subject to an inherent intra- and inter-observer variability, despite tremendous efforts to estab-
lish guidelines and protocols®’. The subjective counting of stained cells in IHC (e.g., 0, no membrane
staining; 14, faint partial; 24, weak-to-moderate; 3+, intense complete) could cause large deviations in
cancer diagnosis, treatment and monitoring. In addition, FRs are also expressed in normal breast tissue
to a certain degree®®. Most importantly, current immunohistochemical methods to study the expres-
sion of multiple proteins or protein isoforms in a single tissue section suffer from several limitations
(e.g., cross-reactivity of antibodies), even though several antigen retrieval/unmasking methods have been
developed*. Alternatively, single immunohistochemical stains in which multiple sections are cut from a
tissue sample can be performed, and each section is stained for a different protein. However, each tissue
section contains different cells, which may be problematic in some situations.

In this study, we compared the FRa result of the LC-MS/MS-based targeted proteomics to that
obtained from IHC. Although the immunostaining was not scored, the percent positive cells (%) were
counted for evaluation in this study*. Ten samples showed no staining, whereas targeted proteomics pro-
vided the quantitative values for all of the samples. The methods were compared using a Passing-Bablok
regression analysis, which was performed using the statistical program MedCalc version 12.7.4 (MedCalc
Software). As shown in Fig. 5, the LC-MS/MS method was comparable to IHC (y= 0.055 x+ 0.931, with
no significant deviation from linearity (P=0.68)). The estimated confidence intervals of the slope and
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LC-MS/MS (ng/mg*)
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% Proportion Stained
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Figure 5. 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. *FRow ng/mg breast tissue.

(fg/cell) 12.8£0.9 209+5 138+7 369+ 6 286+ 11 — —
FRa

(amol/cell) 0.341£0.023 5.51+0.14 3.62+0.19 9.72+£0.17 7.54+0.29 — —

(fg/cell) — — — — — 57.2+4.6 156+ 1.4
FR3

(amol/cell) — — — — — 1.5140.12 0.591+0.053

Table 3. FR isoform expression in breast cells and macrophages isolated from fresh breast tissue.

intercept were (0.049-0.063) and (0.608-1.170), respectively. Notably, the values determined in targeted
proteomics are no longer subjective and can easily be used for reference range establishment and further
substratification according to the clinical histopathological features.

Quantification of FRa and FR(3 in Breast Cells and TAMs Isolated from Breast Tumors. Real
clinical samples, such as breast tissue, are so complex that the tumor cells and other cell types where FRa
and FRB may be present are not easily separated. These different cell types represent variable portions of
the whole tissue and may also exhibit heterogeneity in terms of the level and type of FR expressed. To
determine the possible cell type-specific FR isoform expression, we quantified the FR isoforms in a num-
ber of human breast cells (i.e., the MCF-10A normal cell line, the MCF-7/WT, T47D and MDA-MB-231
drug-sensitive cancer cell lines, and the MCF-7/ADR drug-resistant cancer cell line) using the LC-MS/
MS-based targeted proteomics assay. The results are shown in Table 3. Notably, several studies have
investigated the expression of FRa in breast cells; however, the results of these studies are conflicting.
Some of them reported its presence in one or more cell types?**®, while others did not*". In this report,
we detected FRa at variable levels in all tested cell lines, and FRa was overexpressed in the cancer cells
compared to the normal cells. In addition, the MDA-MB-231 cells had the greatest abundance of this
FR isoform. With regard to the characteristics of the cell lines, the T47D and MCF-7 cells are ER+-/
PR+/HER2-, and the MDA-MB-231 cells are triple negative (ER-/PR-/HER2-, Table 3S). Thus, it is
theoretically proposed that FRa expression is closely related to the ER/PR status of the tumor cells. This
phenomenon was in accord with the positive association between FRa and ER- observed in tissue, per-
haps more importantly with TNBC*. Because the MDA-MB-231 cell line is also a highly invasive and
metastatic cell line, the metastatic activity of cells may be another factor that could be associated with
the FRa level. Moreover, the enhanced FRa expression in the MCF-7/ADR cells implied that this protein
receptor may also be involved in the response of tumor cells to anticancer drugs and the acquisition of
drug resistance.

In contrast, FR3 was not detected in any of the tested cell lines. The failure to detect this FR isoform
suggests that it is either not present or is present at much lower levels in these breast cells. Taking into
account the observation of FR3 in breast tissue, FR3 should exist in cells other than cancer cells, such as
macrophages. Thus, fresh breast tumor and adjacent normal tissue samples were pooled and fractionated.
The macrophage-enriched cell populations expressed FR3. In addition, FR3 was more abundant in TAMs
(57.2+ 4.6 fg/cell) than macrophages from normal tissue (15.6 & 1.4 fg/cell). In fact, the macrophages in
the normal tissue were primarily in a resting state and did not express FR3. The resting macrophages
can become activated by stimulation such as disease. Active macrophages such as TAMs could have an
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elevated level of FR(3 on their surface, and accumulated at the sites of inflammation and in tumors. In
this study, we first provided quantitative evidence of the existence of FR3 in macrophages. Subsequently,
the level of FR3 was determined for an individual breast tumor. The varying amounts of FR(3 in 5 TAM
samples may imply its potential role as a biomarker for defining breast cancer subtypes (Table 4S).

To further evaluate the LC-MS/MS performance, the amount of FRs in cells was also examined using
Western blotting (Fig. 6S). Compared with the qualitative/semi-quantitative results and the limited sen-
sitivity of antibody-based method, the targeted proteomics approach provided the quantitative amounts
of proteins.

Conclusions

In this report, the developed LC-MS/MS-based targeted proteomics assay allowed the simultaneous and
accurate quantification of FR isoforms (i.e., FRa and FR) in biological samples. Using multiplexed
isoform-specific MRM transitions, these isoforms can be quantified by ignoring their homology and real
locations. In addition to demonstrating FRa overexpression in breast cancer cells and tissue samples,
the abundance of FRB in TAMs from the tumor-associated stroma was also indicated using this assay.
Moreover, the findings provided evidence for the association between the level of FR isoforms and sev-
eral histopathological features and molecular subtypes. Thus, this isoform-based quantitative information
may lead to better cancer patient stratification with diagnostic significance. However, additional, larger
patient cohorts must be tested to determine whether FRa and FRB can be used alone as independent
factors or in combination with other markers, and whether they are more selective for specific clinical
applications in breast cancer diagnosis and treatment. Nevertheless, targeted proteomics shows potential
for future studies to clarify the isoform-specific clinical significance of the FR family and also other
protein isoform families.
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