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Glycans binding on the cell surface through glycosylation play a key role in controlling various cellular
processes, and glycan analysis at a single-cell level is necessary to study cellular heterogeneity and
diagnose diseases in the early stage. Herein, we synthesized a series of laser cleavable probes, which
could sensitively detect glycans on single cells and tissues by laser desorption ionization mass
spectrometry (LDI-MS). This multiplexed and quantitative glycan detection was applied to evaluate the
alterations of four types of glycans on breast cancer cells and drug-resistant cancer cells at a single-cell
level, indicating that drug resistance may be related to the upregulation of glycan with a B-p-galactoside
(Galp) group and Neu5Aca2-6Gal(NAc)-R. Moreover, the glycan spatial distribution in cancerous and

iig:gteezig:gg;ztbi?lzgmg paracancerous human tissues was also demonstrated by MS imaging, showing that glycans are
overexpressed in cancerous tissues. Therefore, this single-cell MS approach exhibits promise for

DOI: 10.1039/c95c03912k application in studying glycan functions which are essential for clinical biomarker discovery and
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Introduction

Glycans decorate proteins and lipids through glycosylation on
cells, and determine the localization, activity and functions of
proteins or lipids and thereby play a key role in controlling
various cellular processes,'™ such as cell-cell communication,
interaction with pathogens, binding of chemical messengers
and response to environmental perturbations. The aberrant
expression of glycans is often associated with various human
diseases, such as prostate cancer and colorectal cancer.>”®
Therefore, the analysis of glycans can offer insight into glyco-
sylation functions and contribute to diagnosis and targeted
therapy.

Traditional technologies limited glycan analysis to the
provided data that are averaged over a bulk cell population,**™**
but even genetically identical cells present in the same micro-
environment can show strong variations in biochemical
compositions and even in phenotypes.**"® The shift from bulk
to single-cell analysis is necessary in developing glycan
profiling, which plays an essential role in measuring cell-to-cell
heterogeneity within a population and diagnosing diseases in
the early stage.”** However, the small volume (approximately
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one picoliter) of chemical contents within individual cells and
isolation of single cells from cell cultures or tissues are chal-
lenges in single-cell analysis.>>* With high sensitivity, high
throughput and multiplexed capabilities, mass spectrometry
(MS) is becoming a major analytical platform for single-cell
metabolomics and proteomics.”>*” Unfortunately, the low
ionization efficiency and complicated MS pattern of glycans
limit the application of MS in glycan profiling at a single-cell
level.>**® Therefore, there is great demand to develop a single-
cell MS approach which could analyse multiple glycans sensi-
tively at the single-cell level and provide spatial information of
glycans on tissues.

Herein, a multiplexed and sensitive glycan detection
approach based on laser cleavable probes is developed. In this
method, four probes with different mass tags were synthesized,
which can be combined with lectins (i.e., the specifically
carbohydrate-binding protein) for the detection of four kinds of
glycans at the single-cell and tissue level. The scaffold of these
probes comprises three major components as depicted in
Scheme 1. The mass tag (purple) with the laser cleavage site
(green) which could be cleaved under 355 nm laser irradiation
was linked to the reactive site (blue) bearing the amine-selective
N-hydroxysuccinimide (NHS) moiety. The probes were con-
nected to the lectins by the reaction of the amino groups of
lectins with the NHS moiety of the probes. The lectin-probe
conjugates selectively recognize and form a bond with the
glycans on cells and tissues. After irradiation using a 355 nm
laser, the C-S bond could be broken efficiently,* and thio-
chromenium ions are released for the sensitive LDI-MS

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 (A) The structure of laser cleavable probes. The reactive site

containing an amine-specific moiety (&) is connected to the mass tag
(y) by a cleavage site (B). (B) The whole process of analysis of glycans
using the laser cleavable probes.

detection. Therefore, the multiplexed analysis of glycans was
converted to the corresponding mass tags, which overcomes the
low ionization efficiency of glycans. This novel strategy was
applied to evaluate the alterations of glycans on the breast
carcinoma cell line MCF-7 and its drug resistance cell line MCF-
7R to explore the relationship between drug resistance and
glycans at the single-cell level. Furthermore, the MS imaging
based on this approach can provide the glycan spatial distri-
bution in fresh human breast tissues, which showed different
expression levels of four types of glycans in cancerous and
paracancerous tissues.

Results and discussion
Synthesis and characterization of laser cleavable probes

Four laser cleavable probes 1-4 as mass tags were chosen to
detect glycans for the first time, and the detailed syntheses are
provided in the ESI (Scheme S1 and Fig. S1-S87).*' We first
tested the laser cleavable efficiency of these four probes under
LDI-MS conditions (Fig. 1). With the irradiation of a 355 nm
laser, the C-S bond was cleaved, accompanied by the release of
thiochromenium ions for LDI MS detection. Every probe
showed a clear background and a satisfactory signal-to-noise
ratio. For the multiplexed analysis, these four probes were
mixed in equal molar concentrations and then analysed by LDI-
MS (Fig. S9f). A 14 Da mass difference can be sufficiently
resolved by time-of-flight (TOF) MS analysis, and thus multiplex
analysis could be achieved. For the glycan detection, four types
of lectins, including concanavalin A (ConA), ricinus communis
agglutinin (RCA;,4), wheat germ agglutinin (WGA) and sam-
bucus nigra (SNA), were chosen to bind specifically to the a-p-
mannosyl and a-p-glucosyl groups,*** B-p-galactoside (GalB)
residue group,**?** N-acetylglucosamine and sialic acids,***” and
Neu5Aca2-6Gal(NAc)-R,* respectively. The diffusion coefficients
of the probes became smaller after the addition of lectins (Table
S1t), which is because these probes could covalently bind to

This journal is © The Royal Society of Chemistry 2019

View Article Online

Chemical Science

0 (<]

s\/\fI/O\" B be 1: R=Me,  m/z=250
probe 1: R=Me, z=,
o _Laser (355 nm) O P probe 2: R=Et,  miz=264
[ LDI-MS probe 3: R=n-Pr, m/z=278
O /N O probe 4: R=n-Bu, m/z=292
R
1.0x10* 1.0x10° 3
P 5 probe 1 ~aox0* | 264.02 prol
5 8.0x10 25005 58.0x q
C s . S .
=6.0x10 ;s‘ono
B 4.0x10° ® 4.0x10*
c c
% 2.0x10° | % i
0.0 . 0.0 . L
0 200 400 600 800 0 200 4onmlzsoo 800
mi/z
1.0x10* 1.0x10°
278.10 probe 3 probe 4
~8.0x10" ;-‘a.ono‘
=5 ]
 6.0x10° Seoxto | 292.18
- 2
%‘4.0)(10’ Baoxto*
S 2.0x10° ] .
8% £ 2.0x10
c - =
= o0 T 1

0 200 400 600 800
) 200 400 600 800
miz m/z

Fig. 1 LDI-MS spectra of four laser cleavable probes 1-4. With the
irradiation of a 355 nm laser, the C-S bond was cleaved, and the mass
tags were produced for LDI-MS detection.

lectins via amide condensation between the NHS ester and the
amino group.***® As shown in circular dichroism (Fig. S10%), the
reaction between the probes and lectins didn't affect the
structure and activity of lectins.

In situ analysis of glycans

To evaluate the recognition ability of the conjugates, probe 1
bound to fluorescein isothiocyante (FITC)-labelled ConA was
employed as a model to incubate with the breast carcinoma cell
line MCF-7 and its drug resistance cell line MCF-7R. Confocal
imaging results (Fig. S111) showed that both MCF-7 and MCF-
7R cells exhibited strong fluorescence signals on the membrane
after incubation with FITC-labelled ConA-probe 1. These
results demonstrated that the lectin-probe conjugate is an
effective tool for glycan analysis on the cell membrane. Flow
cytometry analysis also showed a distinct fluorescence incre-
ment of the cells after being cultured with FITC-labelled ConA-
probe 1, which could be distinguished from the control cells
(Fig. S12A7). For the monosaccharide inhibition assay, cells
were incubated with FITC-labelled ConA-probe 1 (a-p-mannosyl
and o-p-glucosyl groups binding lectin), which were pre-treated
with free a-methyl-mannoside, o-methyl-glucoside and b-
galactose. Flow cytometry analysis and confocal imaging indi-
cated that o-methyl-mannoside and a-methyl-glucoside inhibi-
ted the binding of ConA-probe 1 to the cell surface, while the
nonspecific p-galactose showed no inhibition (Fig. S12B and
S137). Hence, the recognition between the lectin-probe conju-
gates and glycans on the cell is verified to be specific.

Glycan alterations were also investigated by treatment with
the N-glycan inhibitor tunicamycin (TM), which specifically
inhibits the formation of N-glycan with a pentasaccharide core
of three mannose and two N-acetylglucosamine (GlcNAc2-
Man3).** Cells were pre-treated with varied concentrations of
TM for 24 h, and then stained with the ConA-probe 1 conjugate
for reflecting mannosyl expression. As shown in the mass
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spectra (Fig. S14t), the expression of N-glycan in cells decreased
along with the increase in the concentration of TM, which is
correlated with the expression level of the a-mannosyl groups
detected by flow cytometry analysis (Fig. S157). It was also
indicated that TM inhibited cell proliferation in a dose-depen-
dent manner in the cell viability analysis (Fig. S161). Therefore,
this specific method based on laser cleavable probes could
provide a valuable tool for screening glycan alternations.

For in situ glycan detection on cells, MCF-7 cells were
cultured for 2 days, then trypsinized and incubated with four
lectin—-probe conjugates. As shown in Fig. 2 and S17-S19,7 these
four mass tags could be detected by LDI-MS with excellent
sensitivity. Albumin from bovine serum (BSA) was chosen as
a control protein to test the specificity of lectin-probe conju-
gates. No MS signal was detected in control experiments, indi-
cating that the lectin-probe conjugates are specific to glycans
on the cells. The probes were incubated with cells directly, and
again no signal was observed. Equal molar amounts of the four
lectin—probe conjugates were mixed and incubated with MCF-7
and MCF-7R cells according to the above steps. Four obvious
peaks of mass tags could be clearly detected by LDI-MS,
demonstrating the feasibility of this novel strategy for multi-
plexed glycan detection (Fig. 2D and S207). Further, this method
was used for semi-quantitation of cells. Cells were incubated
with RCA;,,-probe 2 as per the above steps. ConA-probe 1 as
the internal standard was mixed with the cells, and then directly
analyzed by LDI-MS (Fig. S21%). The detection limit is 27 cells
per mL according to the 3¢ rule, and 100 pL cell suspensions
were used, and thus 2.7 cells can be detected. Such a high
sensitivity is attributed to the effective breaking and the easy
ionization of our cleavable probes.
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Fig. 2 LDI-MS analysis of the cell surface glycans based on laser
cleavable probes. The mass spectrum of MCF-7 cells labelled with (A)
probe 1, (B) BSA—probe 1, (C) ConA-probe 1 and (D) an equal molar
mixture of the four lectin—probes.
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Measurement of cell surface glycans at a single-cell level

In order to investigate if the glycan pattern would be related to
the drug resistance at a single-cell level, our approach was
applied on the breast carcinoma cell line MCF-7 and its drug
resistance cell line MCF-7R. Cells were seeded on indium tin
oxide (ITO)-coated glass slides for 24 h, and then incubated with
lectin-probes for LDI-MS analysis. As can be seen from the
optical imaging (Fig. S227), single cells disappeared after LDI-
MS analysis, even the close cells about 20 pm from each other
(two-fold greater than the diameter of the laser probe). Histo-
grams of ion abundances corresponding to the a-p-mannosyl
and o-p-glucosyl groups (m/z 250.05), Galp group (m/z 264.02),
N-acetylglucosamine and sialic acids (m/z 278.10) and
Neu5Aca2-6Gal(NAc)-R (m/z 292.18) were plotted for MCF-7 and
MCF-7R cells. As shown in Fig. 3, the expression of glycans with
the Galp group (m/z 264.02) and Neu5Aca2-6Gal(NAc)-R (m/z
292.18) on MCF-7R cells was obviously higher than those on
MCF-7 cells at a single-cell level (Fig. 3B and D), but glycans with
a-p-mannosyl and a-p-glucosyl groups (m/z 250.05) and N-ace-
tylglucosamine and sialic acids (m/z 278.10) were expressed
almost the same on both MCF-7R and MCF-7 single cells
(Fig. 3A and C). These results indicated that the drug resistance
may be related to the obvious upregulation of glycan with the
Galp group and Neu5Aca2-6Gal(NAc)-R.

To quantify the ratio of various glycans on the single cell
surface by LDI-MS, the relative ionization efficiency of these
mass tags must be considered.”” To test the ionization effi-
ciency, equal molar amounts of ConA-probe 1 and RCA;,o—
probe 2 were mixed with the cell lysate and analysed by LDI-MS.
RCA;,0-probe 2 was more readily ionized, giving rise to
a molecular ion abundance ratio (RCA;,,-probe 2/ConA-probe
1) of 1.28 + 0.44, which could be used as the correction factor
(CF) to determine the relative quantity of glycans on the cell.
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Fig. 3 Histograms of ion abundances of the four lectin—probes (m/z
250.05, 264.02, 278.10 and 292.18) from MCF-7 (n = 100) and MCF-7R
cells (n =100), which corresponded to glycans with the o.-p-mannosyl
and a-bp-glucosyl groups, GalB group, N-acetylglucosamine, sialic
acids and Neu5Aca2-6Gal(NAc)-R, respectively. These results show
that drug resistance selectively influences the expression of glycans.
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After correction of the experimentally observed ratio of 9.59 £
2.34 by a CF of 1.28 + 0.23, the amount of glycans with the GalB
group was determined to be 7.49 + 0.45 times greater than that
of glycans with a-p-mannosyl and a-p-glucosyl groups on the
single MCF-7 cell surface. A similar analysis was done for each
of the other lectin-probes in comparison to ConA-probe 1. As
shown in Fig. S23-S25 and Table S2,} it was found that the
expression level of glycans with Galp and Neu5Aca2-6Gal(NAc)-
R groups is higher than that of glycans with a-p-mannosyl and
a-p-glucosyl groups, N-acetylglucosamine and sialic acids on the
surface of both MCF-7 and MCF-7R at a single-cell level, which
was consistent with the above results averaged over an entire
cell population (Fig. 2D and S207). These results demonstrated
the feasibility of this method for quantitative detection of
multiple glycans at a single-cell level.

MS imaging of fresh tissues

The visible distribution of glycans in cancerous and para-
cancerous tissues obtained by mass spectrometry imaging is
promising in the diagnosis of various cancers.*-*> However, it's
still a challenge in glycan imaging owing to the low ionization
efficiency and complicated MS pattern of glycans. To overcome
these limitations, we applied four conjugates (ConA-probe 1,
RCA;,o-probe 2, WGA-probe 3 and SNA-probe 4) to breast
cancer tissues in MS imaging. As shown in Fig. 4, the expression
of these four types of glycans was different. The expression of
glycans with Galp and Neu5Aca2-6Gal(NAc)-R groups was
higher than that of glycans with a-p-mannosyl and a-p-glucosyl
groups and N-acetylglucosamine on the cancerous tissues,
which is consistent with the above cell analysis. Additionally,
the distribution of glycans is different between the cancerous
and paracancerous tissues. Glycans with o-p-mannosyl, «-p-
glucosyl, GalB, N-acetylglucosamine, sialic acid and Neu5Acaz2-
6Gal(NAc)-R groups in breast cancer were overexpressed
compared to that in paracancerous tissues. The co-localization
imaging of these four types of glycans could be simultaneously
achieved in single MS scanning using a mixture of four lectin—-
probes, which indicated the capability of this method to detect
alterations of multiple glycans.

ConA-probe1 RCA,;-probe2 WGA-probe3 SNA-probed conjugates mixture

HE staining

cancerous

paracancerous

Fig.4 The MSimaging of ConA—probe 1 (orange): mannose; RCA;20—
probe 2 (blue): Galp group; WGA-probe 3 (green): N-acetylglucos-
amine and sialic acids; and SNA—probe 4 (red): Neu5Aca2-6Gal(NAc)-
R; and the co-localized MS imaging of these four glycans using an
equal molar mixture of lectin—probes. The mass spectrum is shown in
the ESI (Fig. S261). HE staining is short for hematoxylin and eosin
staining.
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Conclusion

In conclusion, a multiplexed glycan detection approach based
on laser cleavable probes has been developed. Four laser
cleavable probes with a 14 Da mass difference were synthesized
to covalently conjugate to lectins, which could recognize
specific glycans. Owing to the efficient ionization of mass tags,
this sensitive approach could analyse the glycans at a single-cell
level, which overcomes the limit of low ionization efficiency and
complicated MS pattern of glycans. This method investigated
the relationship between the glycan pattern and drug resistance
at a single-cell level, which can be applied to the prediction of
drug resistance phenotypes prior to chemotherapy. After cor-
recting the ionization efficiencies, the ion abundances of their
respective mass tag ion peaks could be used for relative quan-
tification of multiple glycans on the cell surface. Moreover, this
novel method was further used for imaging glycan distribution
in human breast tissue, characterizing the alterations of
glycans, which could be a tool for screening cancer progression.
This strategy presents a sensitive and relatively quantitative
platform for multiplexed glycan detection on single cells and
tissues, which contributes to the understanding of glycan-
related biological processes and correlation of glycan patterns
with disease states for clinical diagnosis and treatment.
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