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Abstract

Currently, drug resistance of anti-cancer therapy has become the main cause of low survival rate and poor prognosis. Full
understanding of drug resistance mechanisms is an urgent request for further development of anti-cancer therapy and improve-
ment of prognosis. Here we present our N-glycoproteomics study of putative N-glycoprotein biomarkers of drug resistance
in doxorubicin resistance breast cancer cell line michigan cancer foundation-7 (MCF-7/ADR) relative to parental michigan
cancer foundation-7 (MCF-7) cells. Intact N-glycopeptides (IDs) from MCF-7/ADR and MCF-7 cells were enriched with
zwitterionic hydrophilic interaction liquid chromatography (ZIC-HILIC), labeled with stable isotopic diethylation (SIDE),
and analyzed with C18-RPLC-MS/MS (HCD with stepped normalized collision energies); these IDs were identified with
database search engine GPSeeker, and the differentially expressed intact N-glycopeptides (DEGPs) were quantified with
GPSeekerQuan. With target-decoy searches and control of spectrum-level FDR < 1%, 322 intact N-glycopeptides were
identified; these intact N-glycopeptides come from the combination of 249 unique peptide backbones (corresponding to 234
intact N-glycoproteins) and 90 monosaccharide compositions (corresponding to 248 putative N-glycosites). The sequence
structures of 165 IDs were confirmed with structure-diagnostic fragment ions. With the criteria of observation at least twice
among the three technical replicates, > 1.5-fold change and p value <0.05, 20 DEGPs were quantified, where five of them
were up-regulated and 15 of them were down-regulated; the corresponding intact N-glycoproteins as putative markers of
drug resistance were discussed.

Keywords MCF-7/ADR cells - MCF-7 cells - Drug resistance - Differential N-glycosylation - N-glycoproteomics

Introduction

Breast cancer is the most malignant disease in women with
high mortality rate. There have been many studies on anti-
cancer treatment like photothermal therapy (Yang et al.
2018), while chemotherapy and surgery are still common
threapies of breast cancer. However, drug resistance often
occurs rapidly, resulting in the low survival rate.
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Glycosylation is one of the most common protein post-
translational modifications (PTMs), and aberrant glycosyla-
tion is closely related to many diseases including cancer
(Xue et al. 2020). Biomarkers has been widely used in differ-
ent phases of cancer including tumor formation, metastasis,
diagnosis, drug treatment and prognosis (Yang et al. 2020).
So far, most cancer biomarkers approved by Food and Drug
Administration (FDA) for early diagnosis and treatment are
glycoproteins. Thus, identification and discovery of aberrant
glycoprotein biomarkers are essential for the studies of drug
response mechanisms, early-stage diagnosis and ultimate
precision medicine.

Multidrug resistance (MDR) to chemotherapy, a major
hurdle in current cancer treatment, often leads to poor
prognosis with metastasis as well as reoccurrence and
progression; as such, World Health Organization (WHO)
predicts that there will be 27 million new cancer cases
and 17.1 million deaths per year by 2050 (Saraswathy and
Gong 2013). Underlying molecular mechanisms of MDR
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have been widely studied, but it is not fully understood
yet; the reported ones containing ATP-binding cassette
(ABC) transporter family, anti-apoptosis, cancer stem cells
regulation, microRNA (miRNA) regulation, and epithelial-
mesenchymal transition (EMT). Many ABC transporters
such as P-glycoprotein (P-gp /MRP1/ABCC1), ATP-bind-
ing cassette sub-family C member 2 (MRP2/ABCC2) and
ATP-binding cassette sub-family G member 2 (BCRP/
ABCG?2) have been reported. P-gp is an MDR related
N-glycosylated membrane protein. With the inhibitors
of glycosylation, the activity of P-gp is affected, which
results in the decrease of MDR (Wojtowicz et al. 2012).
In addition, unusual glycosylation types cause by aberrant
glycosyltransferases (GTs) expression are also reported as
a hallmark of malignant tumor and associated with cancer
formation, metastasis and drug resistance (Wu et al. 2019).
To date, it is unclear that how glycosylation impacts the
drug transport activity, and the identification of MDR-
related differentially expressed N-glycoproteins is essential
for understanding the underlying molecular mechanisms
and developing more efficient drugs and therapies.

Breast cancer is the leading cause of cancer deaths among
females, and chemotherapy is a first-choice therapy; unfor-
tunately, most of the patients (up to 90%) demonstrated drug
resistance within one year (Cobleigh et al. 1999; Slamon
et al. 2001; Vogel et al. 2001). Knockdown of ABCG2
improved chemosensitivity in estrogen receptor- negative
breast cancer (Arumugam et al. 2019). MCF-7 cell line is
a very common breast cancer cell model for the study of
MDR mechanisms. The MCF-7/ADR cell line is resistant to
the chemotherapeutic agent doxorubicin, and some MDR-
related proteins are also identified in this cell line (Bogush
et al. 2018).In the study of immunofluorescent staining with
antibodies, differential expression of mesenchymal protein
vimentin in MCF-7/ADR cells relative to MCF-7 cells was
found to be much higher than that of P-gp, which indicated
that mesenchymal phenotype of epithelial cells contributed
much more to MDR than the overexpression of ABC trans-
porter (Bogush et al. 2018). Down-regulation of proto-onco-
gene c-fos in MCF-7/ADR cells led to decreased expression
of P-gp and enhanced apoptosis with increased expression
of B-cell lymphoma 2 (Bcl-2) as well as decreased expres-
sion of apoptosis regulator Bax, cellular tumor antigen p53
and Bcl-2-binding component 3, isoforms 1/2 (PUMA) (Shi
et al. 2013).

Here, we identified 322 intact N-glycopeptides with
FDR < 1% and quantified 20 DEGPs with the criteria
of observation at least twice, > 1.5-fold change and p
value <0.05 in MCF-7/ADR cells relative to MCF-7 cells
with the characterization of quantitative site- and structure-
specific N-glycoproteomics. The identified intact N-glyco-
proteins related to drug resistance were discussed in this
study.
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Materials and Methods
Chemicals and Reagents

Ammonium hydroxide solution (NH,OH, 28-30% NH;
basis, 1336-21-6), aldehyde (CH,CH,0, 99 atom% °C,
1632-98-0), dithiothreitol (DTT, 3483-12-3), formic acid
(FA, 64-18-6), iodoacetamide (IAA, 144-48-9), sodium
cyanoborohydride (NaBH;CN, 25895-60-7), 2,2,2-trif-
luoroethanol (TFE, >99%, 75-89-8), trifluoroacetic acid
(TFA, 99%, 76-05-1), trypsin (T6567, proteomics grade)
and all HPLC solvents were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Acetone (67-64-1), acet-
aldehyde solution (40% in H,O, 75-07-0) and hydrochloric
acid (HCIl, 7647-01-0) were obtained from General Rea-
gent (Shanghai). Ammonium bicarbonate (NH,HCO;,
1066-33-7), bicinchoninic acid (BCA) protein assay Kkit,
urea (57-13-6), phosphate buffer saline (20 X PBS), sodium
dodecyl sulfate (SDS, 151-21-3) and tris (hydroxymethyl)
aminomethane (Tris, 77-86-1) were purchased from San-
gon Biotech (Shanghai). Ultrapure water was produced on
site by Millipore Simplicity System (Billerica, MA, USA).

Cell Culture of MCF-7 and MCF-7/ADR Cells

The breast cancer cell line MCF-7 (ATTC, Manassas, VA)
was cultured with DMEM (Thermo Scientific Hyclone,
MA, USA), 10% fetal bovine serum, 100 U/mL penicil-
lin and 100 pg/mL streptomycin at 37 °C with 5% CO,.
MCEF-7/ADR cell line was maintained in the same culture
medium plus 1000 ng/mL adriamycin to induce the doxo-
rubicin resistance. With periodically re-selection, a highly
drug-resistant cell population of MCF-7/ADR cells was
obtained. Both MCF-7 cells and MCF-7/ADR cells were
centrifuged and then washed with pre-cooled PBS thrice
for further use.

Sample Preparation of Intact N-Glycopeptides

The protocol of stable isotopic diethylated intact N-glyco-
peptides from whole cell lysate was reported in our previ-
ous study (Wang et al. 2019). Briefly, MCF-7 and MCF-7/
ADR cell pellets (from one 10-cm dish each) were soni-
cated in 1 mL lysis buffer (0.1 M Tris/HCl, 4% SDS, pH
8.0) on ice with the cycle of 2 s on and 3 s off for 15 min.
After centrifugation at 13,500 rpm and 4 °C for 15 min,
the supernatant was collected and precipitated with ice-
cold acetone (1:6, v/v). After 3-h precipitation at —20 °C,
the protein mixture was centrifuged at 10,000 rpm for
10 min. Acetone was discarded, and the protein pellets
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were subsequently washed with ice-cold acetone (about
1 mL) for three times. Then the protein pellets were dis-
solved in 200 pL 8 M urea and diluted with 800 pL 50 mM
NH,HCO;. The protein concentration was measured with
BCA assay.

The protein (1 mg) was reduced with 10 mM DTT at
55 °C for 30 min, alkylated with 20 mM IAA at RT in the
dark for 20 min and quenched by additional 10 mM DTT.
Then the protein was disolved in 5 mL 50 mM NH,HCO,
with 20 pg trypsin for overnight digestion at 37 °C. A home-
made C18 Solid-Phase Extraction (SPE) tip (Jupiter C18,
particle size 15 pm, pore size 300 A) was used for desalting.
The C18 tip was pre-treated sequentially by 80% ACN with
5% TFA and then by 0.1% TFA. The digestion solution was
loaded, washed with 0.1% TFA, and peptides were eluted
by 100 pL 50% ACN with 0.1% TFA for four times and 100
pL 80% ACN with 5% TFA for four times, respectively. The
eluted peptides were dried in a SpeedVac and re-suspended
in 100 pL. 80% ACN with 5% TFA.

Intact N-glycopeptides were enriched with home-made
SPE columns packed with ZIC-HILIC particles (Merk Mil-
lipore, particle size 5 pm, pore size 200 A). The column was
first equilibrated with 0.1% TFA and then followed by 80%
ACN with 5% TFA. The peptide mixtures were loaded on
the ZIC-HILIC SPE column. After washing with the wash-
ing buffer [80% ACN with 5% TFA (Xue et al. 2018)], intact
N-glycopeptides were eluted by 100 pL 0.1% TFA for three
times and 50 pL 50 mM NH,HCO; twice. The eluants were
combined and dried in the SpeedVac. The concentration
of obtained intact N-glycopeptides was measured by BCA
assay.

Equal amount of intact N-glycopeptides either from
MCEF-7 or MCF-7/ADR cells was isotopically diethylated
with 100 pL TFE, 10 pL 20% acetaldehyde or acetaldehyde-
13C and 10 pL 600 mM NaBH,CN; the reaction was carried
out at 37 °C for 1 h with gentle shaking and stopped with 10
pL 4% (v/v) NH,OH. The reaction mixture was neutralized
with 9.6 pL 5% (v/v) FA. The labelled intact N-glycopep-
tides from the two types of cells were mixed, concentrated
and desalted with C18 SPE tips as described above. Intact
N-glycopeptides were eluted with 50 pL of 50% ACN with
0.1% TFA for four times and 50 pL of 80% ACN with 0.1%
TFA for four times. After dried in the SpeedVac, the labelled
intact glycopeptides was resuspended in 45 pL ultrapure
water for further LC-MS analysis.

C18-RPLC-MS/MS (HCD) Analysis

The 1:1 mixtures of the labelled intact N-glycopeptides
(about 15 pg) of MCF-7 and MCF-7/ADR cells were sub-
jected to the RPLC-MS/MS analysis, which was performed
on a Dionex Ultimate 3000 RSLC nano-HPLC system
(Thermo Fisher Scientific) equipped with nano-ESI-Q

Exactive tandem MS (Thermo Fisher Scientific, San Jose,
CA, USA).

Briefly, the separation of intact N-glycopeptides was
carried out with a 5 cm long C18 trap column (360 pm
0.d. %200 pm i.d., pore size 300 A, particle size 5 pm) and
a70 cm long C18 analysis column (360 pm 0.d. X 75 pmi.d.,
pore size 300 A, particle size 5 pm). The gradient time was
set to 240 min, and the flow rate was 300 nL/min. Mobile
phase A was 0.2% FA, and mobile phase B consisted of
95% ACN, 4.8% H,O and 0.2% FA. Mobile phase B was
held at 2% for 10 min for sample loading, ramped to 40%
from 10 to 200 min, then increased to 95% in 10 min and
kept for another 5 min, then went down to 2%, maintained
it until the run completed. ESI-MS spectra were acquired
with the following settings: ion transfer capillary tempera-
ture of 250 °C, spray voltage of 2.8 kV, m/z range 700 to
2,000, mass resolution 70 k. MS/MS spectra were acquired
in the data-dependent acquisition manner (Top 20) as fol-
lows: mass resolution 17.5 k, HCD with stepped NCEs of
20.0%, 30.0% and 30.0% (Wang and Tian 2020). With the
aforementioned MS and MS/MS settings, three RPLC-MS/
MS technical replicates were acquired.

Database Search and Identification of Intact
N-Glycopeptides

The raw datasets from RPLC-MS/MS analysis were pro-
cessed with the database search engine GPSeeker, which
was reported in detail elsewhere (Xiao and Tian 2019b),
and only a brief description is given here. Before search-
ing, four customized databases including light diethylation
in forward direction (LF), light diethylation in decoy direc-
tion (LR), heavy diethylation in forward direction (HF) and
heavy diethylation in decoy direction (HR) were created, and
each raw data file was searched against all the four databases
independently. Isotopic peak abundance cutoff (IPACO, %),
isotopic peak abundance deviation (IPAD, %) and isotopic
peak m/z deviation (IPMD, ppm) were set as 40%, 50% and
20 ppm, respectively, for the search of both the precursor and
fragment ions. For output of intact N-glycopeptide spectrum
matches (GPSMs), additional parameters were: percentage
of matched fragment ions of the peptide backbone > 10%,
matched fragment ions of the N-glycan moiety > 1, TopN
hits N=2 (Top 1 hits have the lowest p score), Y1 ions Top4.
After searching, GPSMs from each diethyl/diethyl-13C
modified forward/decoy database (LF, LR, HF or HR) were
filtered with various criteria and ranked in the increasing
order of -1g (p score); spectrum index, m/z and z were used
to remove duplicates. GPSMs from each pair of forward and
decoy databases (LF vs. LR, or HF vs. HR) were combined
and ranked in the increasing order of -lg (p score), and a
threshold score was chosen to obtain IDs with spectrum-
level FDR <1%.
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The filtering criteria of GPSMs were as followed. For
each MS2 spectrum, only the peptide backbone with the
highest confidence (often highest percentage of matchhed
fragment ions and p score value) was kept. If multiple puta-
tive N-glycosites existed for the selected peptide backbones,
only the site with the most site-determining fragment ions
was kept. The N-glycan composition was identified with the
mass difference between the intact N-glycopeptide and the
peptide backbone, where only the composition with the most
matched fragment ions and abundance coverage was kept.

For the GPSMs with the control spectrum-level
FDR < 1%, the combination of peptide sequence, peptide
PTMs, N-glycosite and N-glycan linkage were utilized
to distinguish a unique intact N-glycopeptide, and it was
defined as a qualitative ID. Every qualitative ID had at least
one matched structure-diagnostic fragment ion, which was
defined as a N-glycan fragment ion that could individually
distinguish a sequence structure from its isomers with the
same molecular formula (the same or different monosac-
charide compositon). IDs without any structure-diagnostic
fragment ion were interpreted and quanified at the level of
monosaccharide compotion.

Relative Quantitation of Differentially Expressed
Intact N-Glycopeptides

For relative quantitation of DEGPs in MCF-7/ADR rela-
tive to MCF-7 cells, GPSeekerQuan (Xiao and Tian 2019b)
was utilized with the IPMD and delta mass set as 20 ppm
and 4.01344 Da, respectively. The paired isotopic envelopes
of the precursor ions for each ID were searched, and the
summed abundance of Top 3 isotopic peaks was used for
relative quantitation. For each ID, all six isotopic peaks
were required to be observed for the calculation of relative
ratios, and at least two ratios were required to be observed
among three technical replicates. Quantitative IDs with a
fold change of no less than 1.5 and p value <0.05 were clas-
sified as DEGPs.

Results

Intact N-Glycopeptides Identification from Both
MCF-7/ADR and MCF-7 Cell Lines

With ZIC-HILIC enrichment, stable isotopic diethyl label-
ling (SIDE) (Wang and Tian 2020) and GPSeeker DB
search, intact N-glycopeptide mixtures from MCF-7/ADR
and MCEF-7 cell lines were analyzed using C18-RPLC-
nanoESI-MS/MS (HCD with stepped NCEs) (Wang et al.
2020a); three technical replicates (TR1, TR2, TR3) were
acquired. The venn diagram of identified intact N-glycopep-
tides was displayed in Fig. S1, and the MS-only base peak
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chromatograms from each technical replicate were displayed
in Fig. S2. To improve the identification confidence, we used
homemade ZIC-HILIC SPE columns to improve enrichment
efficiency (Mysling et al. 2010; Neue et al. 2011; Alagesan
et al. 2017) of intact N-glycopeptides from both MCF-7/
ADR and MCF-7 cell lines. In this study, approximately 50
pg intact N-glycopeptides were enriched from 1 mg protein
extracted from either MCF-7 or MCF-7/ADR cell pellets
(from one 10-cm dish each). After target and decoy database
searches by GPSeeker search engine (Xiao and Tian 2019a)
with spectrum-level FDR control (<1%) and duplicates
removal, 322 intact N-glycopeptides were identified from
TR1, TR2 and TR3; these IDs corresponded to 248 N-gly-
cosites, 249 unique peptide backbones and 234 intact N-gly-
coproteins (Fig. 1a), 90 monosaccharide compositions and
58 putative N-glycan linkages. Among the 165 structure-
specific IDs, each of them has no less than one structure-
diagnostic fragment ion; in regard to N-glycan types, 89
were high-mannose (53.9%), 46 were complex (27.9%) and
30 were hybrid (18.2%) (Fig. 1c). The detailed information
for each of the 322 intact N-glycopeptide IDs was listed
in Table S1 including ID type, dataset number, spectrum
index, retention time (RT, min), precursor ion (experimental
and theoretical m/z, charge, z, IPMD), intact N-glycopro-
tein (peptide sequence, peptide PTMs, accession number,
N-glycosite, glycan linkage, monosaccharide composition),
structure-diagnostic fragment ions, -1g (p score), G-bracket
and GF score. G-bracket was defined as the number of site-
determining peptide backbone b/y fragment ion pairs, each
of which could independently localized the N-glycosite;
GF score was defined as the number of structure-diagnostic
fragment ions of the N-glycan moiety, each of which could
independently and unambiguously dinstinguish the given
N-glycan structure with all the other isomers.

Among the 248 putative N-glycosites, 247 were identified
with single N-X-S/T/C (X #P) motif in peptide amino acid
sequence (G-bracket > 0). Take protein nuclear pore mem-
brane glycoprotein 210 (QS8TEM1, PO210_HUMAN, N405)
as an example, the intact N-glycopeptide IETVLPAEFFE-
VLSSSQNGSYHR_N2H9F0SO was found with G-brack-
ets=35 of singly charged y8%*, y9*, yl11%, y12* and y18*
(*=GlcNAc) (Fig. S3). Furthermore, 95 of them were newly
discovered N-glycosites with G-brackets >0, which have not
been annotated in UniProt as of July 1, 2021 (Table S2).

For micro-heterogeneity (i.e., more than one glycan com-
positions at the same glycosite of the peptide backbone),
two out of 165 structure-specific IDs were modified with two
different N-glycans; for macro-heterogeneity (i.e., more than
one glycosite in one protein), 11 out of 234 intact N-gly-
coproteins were identified with no less than two N-glyco-
sylation sites with G-brackets > 0. For hypoxia up-regulated
protein 1 (Q9Y4L1, HYOU1_HUMAN), three compositons
(N2H6F0S0, N2H7F0S0O and N2H8F0S0) were identified



N-Glycoproteomics Study of Putative N-Glycoprotein Biomarkers of Drug Resistance in... 273

(@) 400- (b)
w00 004 190
200
| 504
39
100
20
v 2 2 2 0- .
§ *o°°® 0\0 c} \@ N & & 096
& F ¢ q‘ $ 4 & & R
X N4 S & &Q N & o NI R
N @ Ay N S & SR & & IR
eﬁ) Q\}b X eg\* (e (u\é\ GQ\\ Q g/’\
X o & 4 D a8
& & & o ®
. Hybrid
() & Complex
E [ High Mannose
.2
Lo
i}
> 27.9% 18.2%
8
>
®
z
0.0% 20.0% 40.0% 60.0% 80.0% 100.0%
Percentage

Fig. 1 Identification and quantification of intact N-glycopeptide IDs.
a Intact N-glycopeptide IDs identified (FDR<1%) and b differen-
tially expressed N-glycopeptides quantified (two out of three techni-
cal replicates,> 1.5-fold, p<0.05) from C18-RPLC-ESI-MS/MS

Table 1 Identified intact N-glycopeptides LSALDNLL3**NHSSMFLK
(Q9Y4L1, HYOUI_HUMAN with N2H6F0S0O, N2H7F0SO and
N2HSF0S0 (on N-glycosite N830)) and AEPPL”'NASASDQGEK with

(stepped HCD) analysis of 1:1 mixture of stable isotopically dieth-
ylated intact N-glycopeptides from MCF-7 and MCF-7/ADR cells;
¢ bar chart for relative abundances of N-glycosylation type from
MCF-7 and MCF-7/ADR cells

N2HS5FO0S0 and N2H6F0SO (on N-glycosite N931) of hypoxia up-regu-
lated protein 1

Hypoxia up-regulated protein (Q9Y4L1, HYOU1_HUMAN)

Peptide sequence GlycoSite Composition Glycan-linkage

GF score Structure-diagnostic ions

LSALDNLL- 830
83ONHSSMFLK

N2H6F0S0
N2H7F0S0

01Y41Y41IMQBIM21M)61M(31M)61M
01Y41Y4IMQ31IM21M21M)61M(31M)61M 7

W

BI2,01A12,CI2,YI3,YI3,

BI2,BIII3,CI2,CIII3,12A1I13,0
2AI2,BI2,BII3,YI3,YII3,Y
13,YIII3,

N2H8F0SO  01Y41Y41IMGBIM2IM)61M(3IM21M)61M21M 4 45A13,04A14,Y13,Y13,
AEPPL”'NASAS- 931 N2H5F0SO  01Y41Y41IMB31M)61M(31M)61M 7 BI1,BII1,BIII1,BI2,03A12,CI2,
DQGEK 34Al14,BI2,YI1,
N2H6F0SO  01Y41Y41IM31IM)61M(31M21M)61M 2 BI2,YI3,
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on the peptide backbone LSALDNLL**NHSSMFLK,
and two compostions (N2ZH5F0S0O and N2H6F0S0) on
AEPPL”*'NASASDQGEK (Table 1).

Intact N-Glycopeptides Quantification from Both
MCF-7/ADR and MCF-7 Cell Lines

To obtain the quantitative results from MCF-7 cells and
MCEF-7/ADR cells, the Top 3 isotopic peaks of the paired
precursor ions with 4.01344 Da mass delta in MS spectrum
(as shown in Fig. 2a—c) were searched by GPSeekerQuan.
With the criteria of all the six isotopic peaks observed, 100
IDs were quantified with the relative abundance ratio of
the summed isotopic abundance, and 39 IDs were quanti-
fied with no less than two ratios out of the three techni-
cal replicates. Moreover, for DEGPs, the p value calculated
with a 7 test must be less than 0.05, and the fold change
should be bigger than 1.5. Twenty DEGPs were obtained
(Fig. 1b) including 15 down-regulated and five up-regulated
(Table S3). For example, down-regulated (0.45 +0.06)
intact N-glycopeptide YHNQTLR_N2HS5F0SO was found
on N-glycosite N400 of cation-independent mannose-
6-phosphate receptor (P11717, MPRI_HUMAN) (Fig. 2);
up-regulated (2.00+0.28) intact N-glycopeptide QVVEN-
MTR_N2H3F0SO0 was found on N-glycosite N390 of N-gly-
coprotein lysosomal alpha-glucosidase (P10253, LYAG_
HUMAN) in MCF-7/ADR cells (Fig. 3).

Simultaneous up- and down-regulations were quantified
in intact N-glycoprotein N-acetylglucosamine-6-sulfatase
(P15586, GNS_HUMAN, N362); down-regulated (0.46)
GPGIKPNQTSK_N2H6F0SO0 and up-regulated (2.50 +0.24)
GPGIKPNQTSK_N2H7F0S0 were quantified in MCF-7/
ADR relative to MCF-7 cells (Fig. 4).

In our present system of MCF-7/ADR cells vs. MCF-7
cells, the down expression level of SLSNSTAR_N2Hx
(x=5-9) was gradually levelled off; from N2HS5 to N2H9,
fold changes were 0.27 +0.03, 0.49+0.08, 0.76 +0.08,
0.92+0.08 and 1.09 +0.29, respectively (Fig. 5). This intact
N-glycopeptide SLSNSTAR_N2HS5F0SO0 (P50454, SERPH_
HUMAN, N120) was also quantified in our previous stud-
ies (Wang et al. 2019, 2020b). For lysosome-associated
membrane glycoprotein 1 (P11279, LAMP1_HUMAN),
intact N-glycopeptides GHTLTLNFTR with N2H6F0SO
and N2H7F0SO on N-glycosite N103 were quantified with
fold changes of 1.79+0.38 and 0.89 (only quantified once in
spectrum 20,345 of TR2), respectively. Wheras, AANGSLR
with N2H8F0S0 and N2H9F0S0 on N-glycosite N322 were
down-regulated with fold changes of 0.55 (only quantified
once in spectrum 8,053 of TR1) and 0.65+0.08 (Fig. 6).
Different from above-mentioned fold changes, GHTLTL-
NFTR with N2H6F0SO and N2H7F0S0O on N-glycosite
N103 and AANGSLR with N2H9F0SO0 on N-glycosite N322
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were all down-regulated in MCF-7 cells vs. MCF-10A cells
(0.23+0.03, 0.20+0.02, 0.29 +0.02, respectively) (Xue
et al. 2020) and all up-regulated in MCF-7 CSCs vs. MCF-7
cells (7.41+1.43, 3.28+0.35, 1.10+0.42, 3.05 +0.30)
(Wang et al. 2019).

Gene Ontology (GO) Analysis and Protein-Protein
Interaction (PPI) Network

Gene ontology (GO) analysis of 20 DEGPs in MCF-7/ADR
relative to MCF-7 cells were carried out using PANTHER
(protein annotation through evolutionary relationship) clas-
sification system (http://pantherdb.org/). Most intact N-gly-
coproteins corresponding to DEGPs came from intracecel-
lular and cellular anatomical entity (Fig. S4), which were
mainly involved in biological processes of metabolic pro-
cess, celluar process and biological regulation; whereas
molecular functions were concentrated in binding and cata-
lytic activitity.

Intact N-glycoproteins corresponding to the 100 quanti-
fied intact glycopeptides in MCF-7/ADR relative MCF-7
cells were subject to STRING (https://string-db.org/) analy-
sis, and 32 intact N-glycoproteins were correlated on the PPI
network (Fig. 7). The correlation among ITGAE, ITGA3,
ITGAV, LAMA1 and ILK were discussed as below.

Discussion

Resistance to chemotherapy can be caused by many fac-
tors like drug efflux and uptake transporters (e.g.,ABCC9,
ABCA9 and SLC22A4), positive DNA damage repair
(e.g.,GPAT), cancer stem cells (CSCs) and tumor microen-
vironment (e.g., ITGAE, ITGA3, ITGAV and LAMA1), etc.
Hence, it is still urgent to figure out the mechanisms of drug
resistance. In this regard, intact N-glycoproteins about the
development of drug resistance, either identified or quan-
tified in current and previous studies (Wang et al. 2019,
2020b; Xu et al. 2020; Xue et al. 2020), were discussed.

Intact N-Glycoproteins Associated with Drug
Transporters

In this study, we focused on the differential N-glycosyla-
tion in breast cancer cell lines MCF-7 and MCF-7/ADR to
find putative drug resistance N-glycoprotein biomarkers.
The ATP-binding cassette (ABC) transporters family is the
most common cause of drug resistance. As typical efflux
proteins, ABC transporters have the ability to transport
drug from outside the cell, and increased ABC transporters
can promote the drug efflux, which reduces the accumula-
tion of the drug in cells (Imperio et al. 2019). Among the
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Fig.2 Quantification of down-regulated (0.45 +0.06) intact N-glyco-
peptide YHNQTLR_N2HSFOSO from cation-independent mannose-
6-phosphate receptor (P11717, MPRI_HUMAN) on N-glycosite
N400 in MCF-7/ADR relative to MCF-7 cells. a—c the isotopic enve-
lope fingerprinting maps of the precursor ions from three technical

m/z

replicates; d selective fragmentation and the graphical fragmentation
map of N-glycan moiety with the peptide backbone, e fragmentation
and the graphical fragmentation map of the peptide backbone with
one core GlucNAc, and f the annotated MS/MS spectrum with the
matched fragment ions in representative spectrum 9,487 of TR3
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Fig.3 Quantification of up-regulated (2.00+0.28) intact N-glyco-
peptide QVVENMTR_N2H3F0SO from N-glycoprotein lysosomal
alpha-glucosidase on N-glycosite N390 (P10253, LYAG_HUMAN)
in MCF-7/ADR relative to MCF-7 cells. a—c the isotopic envelope
fingerprinting maps of the precursor ions in the three technical rep-
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licates; d selective fragmentation and the graphical fragmentation
map of N-glycan moiety with the peptide backbone, e fragmentation
and the graphical fragmentation map of the peptide backbone with
one core GlucNAc, and f the annotated MS/MS spectrum with the
matched fragment ions in representative spectrum 13,312 of TR2
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Fig.4 Simultaneous up- and down-regulations of intact N-glyco-
protein N-acetylglucosamine-6-sulfatase (P15586, GNS_HUMAN)
on N-glycosite N362; down-regulated (0.46) GPGIKPNQTSK_
N2H6F0SO and up-regulated (2.50+0.24) GPGIKPNQTSK_
N2H7F0SO were quantified in MCF-7/ADR relative to MCF-7 cells

()

ABC transport protein family, ATP-binding cassette sub-
family A member 9 (Q8IUA7, ABCA9_HUMAN) plays a
key role in the ATPase-coupled transmembrane transporter
activity and lipid transporter activity. Intact N-glycopeptide
SMDELDLNYSIDAVR_N4H5F0S2 on N-glycosite N120
of ABCA9 was up-regulated with a fold change of 9.38 from
spectrum 29,356 of TR2. High-level expression of ABCA9
in ovarian cancer (OC) was related to poor cancer prognosis
with the validation of RT-qPCR, expression microarray data
and immunohistochemistry, which illustrated that lipid traf-
ficking might be associated with serous epithelial ovarian
cancer (EOC) (Hedditch et al. 2014). ABCC9, a member
of ATP-binding cassette sub-family C, is another multid-
rug efflux transporter. With the assessment of RT-qPCR,
ABCA2/8/9/10, ABCC9 and SLC16A 14 genes showed high
expression level in EOC and high correlation with longer
progression-free survival of EOC patients (Elsnerova et al.
2017). Different from increased drug efflux, decreased drug
uptake could also cause resistance to anti-cancer agents,
which was induced by uptake transporters like solute

A

& 2-
T8
O
=
&
>
€ 14 e
Q
< /I/I
~
- /I
E ¥
S 07
T
x
SLSNSTAR
(b)

3
-
-

Relative Abundance (%)
I
.

| i

1054 1056 1136 1138

Fig.5 On N-glycosite N120 of serpin H1 (P50454), down-regula-
tions of intact N-glycopeptides SLSNSTAR_N2HxF0SO (x=5-9)
were gradually levelled off. a from N2H5F0SO to N2H9F0SO, fold
changes were 0.27+0.03, 0.49+0.08, 0.76+0.08, 0.92+0.08 and
1.09+0.29, respectively; b the corresponding isotopic envelope fin-
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gerprinting maps of the precursor ions in this study; SLSNSTAR_
N2HSFOSO was identified as GPSMs and quantified with Top2 iso-
topic peaks of three technical replicates; SLSNSTAR_N2H9F0SO
was quantified at the monosaccharide composition level in two tech-
nical replicates
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Fig. 6 Different fold changes of the intact N-glycopeptides GHTLTL-
NFTR with N2H6F0SO and N2H7F0SO (LAMP1_HUMAN, N103)
and AANGSLR_N2H8F0SO and N2HOF0SO (LAMP1_HUMAN,
N322) from MCF-7 relative to MCF-10A cells (orange) (Xue et al.
2020), MCF-7/ADR relative to MCF-7 cells (green) and MCF-7
CSCs relative to MCF-7 (violet) cells (Wang et al. 2019) were
showed with bar chart. AANGSLR_N2H8F0SO was only quantified
once in spectrum 8,053 of TR1. GHTLTLNFTR_N2H7F0SO was
only quantified once in spectrum 20,345 of TR2

Fig. 7 Protein—protein interac-
tion network of the N-glycopro-
teins corresponding to quanti-
fied intact N-glycopeptides in
MCEF-7/ADR relative to MCF-7
cells
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carriers (Okabe et al. 2008). The collaboration of uptake
and efflux transporters resulted in drug resistance. We identi-
fied intact N-glycopeptide NKSEIR_N2H6FO0SO from solute
carrier family 13 member 3(QSWWT9, S13A3_HUMAN,
N312) and intact N-glycopeptide DGWVYNR_N7H4F0S0
(A6NK97, S22AK_HUMAN, N114) from solute carrier
family 22 member 20 (encoded by SLC22A20P). Down-
regulation of solute carrier family 22 member 4 (SLC22A4
or OCTN1) was related to poor prognosis of acute myeloid
leukemia patients after treated by cytarabine (Ara-C) (Bue-
low et al. 2021).

Intact N-glycoproteins Associated with DNA
Damage Repair

The majority of anticancer drugs can cause DNA damage
of malignant cells and subsequent cell death. However,
when DNA damage becomes repairable, malignant cells
would survive and be resistant to drugs together with can-
cer recurrence (Li et al. 2020). Bcl-2 functioned as an anti-
apoptotic protein, which was associated with drug resistance
(Allen et al. 2015). Bcl-2-associated transcription factor 1
(BCLAF1) showed higher expression level in cisplatin resist-
ance non-small cell lung cancer A549 (A549/DDP) cell line
than in A549 cell line as characterized by western blotting
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and RT-qPCR (Jiang et al. 2020). Furthermore, BCLAFI1
facilitated DNA damage repair by mediating the forming
process of YH2A histone family member X foci formation
via immunofluorescence and western blot (Jiang et al. 2020).
Glycerol-3-phosphate acyltransferase (GPAT) is responsi-
ble for the catalysis of de novo synthesis of glycerolipids
in cells (Pellon-Maison et al. 2014). Upregulated intact
N-glycopeptide GMFATNVTENVLNSSR_N7H9F0SO0 was
quantified once with a fold change of 2.95 on N-glycosite
N135 of glycerol-3-phosphate acyltransferase 1, mitochon-
drial (Q9HCL2, GPAT1_HUMAN). GPAT2, a mitochon-
drial isoform, was primarily expressed and upregulated in
lung and breast cancer, and its expression was further vali-
dated in breast cancer MDA-MB-231 cells with immuno-
histochemistry. Increased expression of GPAT2 promoted
cell growth, migration, proliferation and resistance to drug-
induced apoptosis (Pellon-Maison et al. 2014).

Intact N-glycoproteins Associated with Cancer Stem
Cells (CSCs)

CSCs have the capacity of self-proliferation and differentia-
tion. Treated with chemotherapy drugs or radiation, a large
number of CSCs die, and only a small part survive, resulting
in the relapse of cancer and tumor cells metastasis. CSCs
may be the source of primary malignant cell, the reason of
drug resistance, or the root of tumor cell metastasis (Clarke
2019).

Drug-resistance N-glycosylation markers (ABCCS5,
ABCA4 and ABCB9 etc.) and CSC N-glycosylation mark-
ers (centrosome-associated protein 350 CE350, zinc finger
protein GLI1, CD63 antigen and CD13 etc.) were reported
in our previous studies (Wang et al. 2020b; Xu et al. 2020).

In comparison of DEGPs in MCF-7 CSCs (relative to
MCEF-7 cells) (Wang et al. 2019) with those in MCF-7/ADR
CSCs (relative to MCF-7/ADR cells) (Xu et al. 2020), intact
N-glycopeptide SLSNSTAR_N2HSFO0S0 (P50454, SERPH_
HUMAN, N120) showed the same up-regulation with ratios
of 4.23+0.71 and 3.80+0.55, respectively. We found
that the expression level of intact N-glycopeptides SLSN-
STAR_N2Hx (x=5-9) was decreased progressively from
up-regulation to down-regulation in MCF-7/ADR CSCs
(relative to MCF-7/ADR cells) (Xu et al. 2020). Interest-
ingly, the decreased expression level of SLSNSTAR_N2Hx
(x=5-9) was gradually levelled off in our present system
of MCF-7/ADR cells vs. MCF-7 cells; from N2H5 to N2H9,
fold changes were 0.27 +0.03, 0.49+0.08, 0.76 +0.08,
0.92+0.08 and 1.09 +0.29, respectively (Fig. 5). The result
also inllustrated that high mannose N-glycan type was iden-
tified from N2HS5 to N2H8, and hybrid N-glycan type was
identified from N2H9.

Serpin H1 (also known as heat shock protein 47, Hsp 47)
is a 47 kDa endoplasmic reticulum (ER) protein which can
specifically bind to collagen and works as a chaperone in
collagen synthesis (Ito and Nagata 2017). Hsp 47 (encoded
by SERPINH1), a member from serpin family, participated
in progression of cancer such as hepatocellular carcinoma
(HCC) (Naboulsi et al. 2016) and cholangiocellular carci-
noma (Padden et al. 2014). Overexpression of Hsp 47 was
also reported in micro-vessels from invasive ductal carci-
noma (IDC) of breast cancer (vs. para-carcinoma tissue),
and Hsp 47 was involved in tumor formation and invasion.
Down-regulated Hsp 47 was responsible for poor prog-
nosis via western blot and immunohistochemistry analy-
sis in laryngeal squamous cell carcinoma (LSCC) tissues
relative to adjacent nonmalignant tissues (Hill et al. 2011).
Hsp 47-upregulated LSCC cell line (amplified by plasmid
vectors) showed the decreased ability of proliferation and
invasion and increased sensitivity to cisplatin chemotherapy.
Hence, down-regulation of Hsp 47 was associated with opti-
mal LSCC prognosis and chemotherapy resistance (Song
etal. 2017).

Intact N-glycoproteins Associated with Tumor
Microenvironment

Up to now, many studies show that extracellular microenvi-
ronment (EMT) plays a key role in cancer progression and
drug assistance. The extracellular matrix (ECM) is one of
the most important parts of EMT which participates in many
cellular physiological processes like cell proliferation and
components attachment of ECM (fibronectin, collagen I,
collagen IV, fibrinogen, etc.) (Hoshiba and Tanaka 2013).
Integrins mediate signaling transduction between cells and
ECM during cancer development and progression, which
can affect the efficacy of chemotherapy (Wu et al. 2020).
According to the PPI analysis (Fig. 7), ITGAE, ITGA3,
ITGAV, LAMAL1 and ILK show high correlation with each
other.

The intact N-glycopeptide SSAHVSVVWQLEENAFP-
NRTADITVTVTNSNER_N4H5F0S2 of integrin alpha-E
(ITGAE, P38570, ITAE_HUMAN, N934) was quanti-
fied once (3.00) from spectrum 36,036 of TR3. The intact
N-glycopeptide SLDAYPILNQAQALENHTEVQFQK _
N2H8FO0SO of integrin alpha-3 (ITGA3, P26006, ITA3_
HUMAN, N605) was quantified to be up-regulated with
a fold change of 2.15+0.67. The intact N-glycopeptide
TAADTTGLQPILNQFTPANISR_N2HS5FO0SO of integrin
alpha-V (ITGAV, P06756, ITAV_HUMAN, N615) was
quantified once (0.39) from spectrum 28,503 of TR1. Upreg-
ulated intact N-glycopeptide TRPRNGTLNK_N2H7F0S0
of integrin-linked protein kinase (Q13418, ILK_HUMAN,
N179) was quantified once (7.31) from spectrum 10,412
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of TR2. ITGA3/B4 was an important prognostic marker in
OC, and ITGAE acted as a residing memory CD8+T cells
marker which showed the correlation with early OC patients
prognosis (Wu et al. 2020). ITGBS, one part from integrin
beta subtype, worked as the receptor of fibronectin. Inte-
grins were responsible for the mechanical link and signal
communication between cells and microenvironment, which
contributed to tumor formation and progression (Moon et al.
2019). ITGAS and ITGB1/3/5 were involved in cell forma-
tion, cancer metastasis and chemotherapy resistance in lung
cancer (Aksorn and Chanvorachote 2019). In etoposide-
resistant human retinoblastoma (RB) cell line of WERI-
ETOR cells (compared with WERI-RB1 cells), the mRNA
expression of ITGAS was confirmed to be down-regulated
with a fold change of 0.198 (p <0.001) via RT-qPCR. The
same trend was also observed in etoposide resistant Y79 RB
cells vs. sensitive Y79 RB cells with a fold change of 0.029
(»=0.003) (Reinhard et al. 2020).

For laminin subunit alpha-1 (P25391, LAMAI1_
HUMAN), intact N-glycopeptide VNTTLR_N2H6F0SO0
with glycan linkage 01Y41Y41MB31M21M)61IM(31M)61M
on N2047 was down-regulated from spectrum 16,457 in TR1
(0.18), and VNTTLR_N2H8FO0S0 was down-regulated with
a fold change of 0.27+0.02. COL1A2, COL6A1, ITGB4,
ITGA2 and LAMA3 were associated with the PI3K-AKT
signaling pathway where tumor-resistance gene RACI
served as an important role (Wei et al. 2019). Five hub
genes (COLIA2, ITGB4, ITGA2, LAMA3 and RACI) except
COL6AI were reported to be related to pancreatic cancer
(Wei et al. 2019). LAMAS3 was down-regulated in lung ade-
nocarcinoma with over expression of long non-coding RNA
LINCO00628. Xu et al. (2019) illustrated the mechanism that
highly expressed LINC00628 bound to promoter region of
LAMA3 gene, resulting in the increase of methylase. With
the promotion of LAMA3 promoter methylation, LAMA3
expression was inhibited, then tumor invasion, migration and
drug resistance might occur (Xu et al. 2019).

Other Intact N-glycoproteins Associated with Drug
Resistance

Besides those discussed above, we also found other puta-
tive drug resistant N-glycoprotein biomarkers. Some lyso-
somal proteins were identified in this work, including sul-
fatase (GNS), lysosomal thioesterase (PPT2) and prosaposin
(PSAP), and some of them were reported to be upregulated
in OC (Hu et al. 2020).

Up-regulation of intact N-glycopeptide CPMAG-
ISHTAWHSNR_N2H6F0S0O was quantified with a fold
change of 2.04 +0.09 from lysosomal thioesterase PPT2
(QOUMRS, PPT2_HUMAN, N289). PPT2, also called pal-
mitoyl protein thioesterase 2, is a lysosomal thioesterase,
and it shows significant correlation with cell metabolism.
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Down-regulated PPT2 was identified in clear cell renal cell
carcinoma (ccRCC) tissues paired with adjacent normal tis-
sues, and it was regarded as a putative diagnostic marker for
ccRCC (Yuan et al. 2020).

Up-regulation of intact N-glycopeptide TNSTFVQALVE-
HVKEECDR_N2H3F1S0 was identified from prosaposin
(P07602, SAP_HUMAN, N215). Prosaposin (PSAP) was
also a kind of lysosomal protein, which was located in lyso-
somal and secreted proteins (Choi et al. 2020). High expres-
sion of PSAP showed a high correlation with poor progno-
sis in breast cancer. PSAP worked as an androgen receptor
(AR) activator in invasive phenotype (Ali et al. 2015). For
N-acetylglucosamine-6-sulfatase (P15586, GNS_HUMAN),
up-regulated intact N-glycopeptide GPGIKPNQTSK _
N2H7F0SO0 on N-glycosite N362 and down-regulated intact
N-glycopeptide GPGIKPNQTSK_N2H6F0SO on the same
N-glycosite were quantified with fold changes of 2.50+0.24
and 0.46, respectively. GNS had the function of metal bind-
ing with calcium. It was also identified in breast cancer cell
line Hs578T and confirmed in plasma by western blot and
LC-MS/MS (Ahn et al. 2010).

LAMP1 is also related to lysosomal protein, which
belongs to the lysosome-associated membrane glycopro-
tein family (Dominguez-Bautista et al. 2015). It was found
that LAMP1 was highly expressed in cisplatin-resistant
gastric cancer SGC7901/CDDP cell line by western blot
experiment (Qi and Zhang 2020), and increased LAMP1
expression in breast cancer cells was associated with poor
prognosis (Wang et al. 2017). In this study, intact N-glyco-
peptides GHTLTLNFTR with compositions of N2H6F0SO
and N2H7F0SO on N-glycosite N103 were quantified
with fold changes of 1.79+0.38 and 0.89 (only quantified
once in spectrum 20,345 of TR2), respectively. However,
intact N-glycopeptides AANGSLR with compositions of
N2HS8FO0S0 and N2H9F0SO0 on N-glycosite N322 were quan-
tified to be down-regulated by fold changes of 0.55 (only
quantified once in spectrum 8,053 of TR1) and 0.65 +0.08,
respectively (Fig. 6). In our previous study, intact N-glyco-
peptides AANGSLR with compositions of N2H8F0S0 and
N2H9F0SO0 on N-glycosite N322 were also up-regulated
by fold changes of 3.28 +0.35 and 7.41 + 1.43, respec-
tively (Wang et al. 2019), whereas intact N-glycopeptides
SSCGKENTSDPSLVIAFGR_N2H3F1S0 on N-glycosite
N84 and GHTLTLNFTR_N2HSF0S0 on N-glycosite N103
were quantified to be down-regulated by fold changes of
0.55+0.02 and 0.32 +0.04, respectively (Xue et al. 2020).

For translocon-associated protein subunit beta encoded
by SSR2 (P43308, SSRB_HUMAN), up-regulation
(1.57 £0.26) of intact N-glycopeptide TAPASNVSHTV-
VLRPLK_N2H9F0S0 was quantified on N-glycosite N88.
SSR2 was responsible for ER transport across membranes,
and it was identified as a candidate gene in drug resistanct
human osteosarcoma cell line U-2 OS relative to parental



N-Glycoproteomics Study of Putative N-Glycoprotein Biomarkers of Drug Resistance in... 281

U-2 OS cells as characterized by differential display reverse
transcription-polymerase chain reaction (DDRT-PCR)
(Chano et al. 2004).

For lysophosphatidic acid receptor 5 (Q9H1CO,
LPARS5S_HUMAN, N323), intact N-glycopeptides includ-
ing TSATNGTR_N2H6F0S0, N2H7F0S0 and N2H8F0SO
were down-regulated by fold changes of 0.12, 0.23 +0.03
and 0.25 £+ 0.02, respectively. Lysophosphatidic acid (LPA)
receptors are responsible for cancer cells malignant pro-
motion. Compared with melanoma A375 cell line, LPARS
showed lower expression in highly migratory A375-R11 cell
line. A375-R11 cells showed higher survival rates than A375
cells when treated with anticancer drug cisplatin (CDDP)
and dacarbazine (DTIC), suggesting LPARS was related to
chemoresistance (Minami et al. 2019).

For KN motif and ankyrin repeat domain-containing
protein 1 (Q14678, KANK1_HUMAN, N8), intact N-gly-
copeptide VNGSASGK_N2H8F0S0 was quantified to be
up-regulated with a fold change of 3.32. KANK2 was posi-
tively correlated with microtubule (MT) poison sensitivity
and decreased migration in the melanoma cell line MDA-
MB-435S (Paradzik et al. 2020).

For titin (Q8WZ42, TITIN_HUMAN, N26369), the intact
N-glycopeptide VNVSSSK_N2H8F0S0 was up-regulated
(2.47) in MCF-7/ADR cells vs. MCF-7 cells. The molecu-
lar function of titin is related to ATP binding, calcium ion
binding and calmodulin binding. 77N (titin) is the gene of
titin, and its mutations are associated with chemotherapy
prognosis. Nonsynonymous variants in TTN were observed
to be occurred in pre- and post-platinum treatment of non-
small cell lung cancer (NSCLC) patients with targeted and
whole exome sequencing (WES) (Cobleigh et al. 1999). The
variants of TTN were also identified in triple negative breast
cancer (TNBC) patients with pre- and post-chemotherapy
of doxorubicin and cyclophosphamide as studied by next
generation sequencing (NGS) (Lips et al. 2015). TTN was
associated with chemotherapy response, which suggested
those mutations in TTN could be candidates for further
chemotherapy response.

Conclusions

The site- and structure-specific differential N-glycosylation
in MCF-7/ADR cells was identified and quantified by MS-
based N-glycoproteomics. Specifically, with trypsin diges-
tion, C18 desalting, ZIC-HILIC enrichment and SIDE
labelling, the 1:1 mixture of intact N-glycopeptides from
MCF-7/ADR and MCF-7 cells were analyzed by C18-
RPLC-ESI-MS/MS (HCD with stepped collision energies).
With target and decoy DB search using GPSeeker and the
control of spectrum-level FDR < 1%, 322 intact N-glyco-
peptides were identified together with 249 peptide backbone

sequences, 248 putative N-glycosites and 234 intact N-gly-
coproteins; the N-glycan linkage structures of 165 IDs were
confirmed with structure-diagnostic fragment ions. With the
criteria of observation of Top 3 isotopic peaks of each pre-
cursor ion pair, fold change > 1.5 and p value < 0.05, 20 dif-
ferentially expressed intact N-glycopeptides were quantified
in MCF-7/ADR relative to MCF-7 cells, where five of them
were up-regulated and 15 of them were down-regulated.
The corresponding intact N-glycoproteins are associated
with drug resistance and may be considered as putative drug
resistance biomarkers for further clinical research.
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