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Gangliosides are vital cell membrane components whose metabolic dysregulation is implicated in various
cancers. However, a systems-level understanding of their metabolism has been hindered by their structural
complexity and low cellular abundance. Herein, we have developed a deep profiling workflow for
gangliosides that integrates selective enrichment, liquid chromatography-ion mobility spectrometry, and
isomer-resolved tandem mass spectrometry. This workflow enhances detection sensitivity 100-fold,
enabling the identification of 391 ganglioside structures in a human breast adenocarcinoma cell line
(MCF-7) at multiple structural levels. We further reveal coordinated remodeling of gangliosides in MCF-7
cancer cells, including shifts toward a-series glycans, increased incorporation of long-chain sphingosine

bases, and altered C=C location isomers. By integrating these lipidomic findings with targeted gene
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Accepted 23rd January 2026 expression analysis and quantitative proteomics, we reconstruct a ganglioside biosynthetic network tha
delineates dysregulation across five key structural modules. This lipid-centric approach offers new

DOI: 10.1035/d55c09445¢ insights into the metabolic reprogramming of gangliosides and holds potential for studying lipid
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Introduction

Gangliosides are a class of acidic glycosphingolipids, charac-
terized by a sialoglycan headgroup linked to a ceramide moiety.
Anchored on the outer leaflet of the plasma membrane,
gangliosides are engaged in regulating diverse biological
processes, including lipid raft formation,* cell signaling,”> and
cell-cell communication.®* Gangliosides are classified into
subclasses according to the sequence of the neutral glycan core
and the number, variants, and positions of sialic acids (Fig. 1a).
Their structural diversity is further augmented by variations in
the ceramide moiety, including differences in chain length,
hydroxylation, and carbon-carbon double-bond (C=C) number
and position. Cellular gangliosides are modulated by a complex
metabolic network consisting of the synthesis, modification,
and degradation of both glycan and ceramide moieties. Even
minor perturbations within this network can drive tumor
invasion,* metastasis,” and cancer stemness.*” For instance,
MDA-MB-231 breast cancer cells exhibit overexpression of

“MOE Key Laboratory of Bioorganic Phosphorus Chemistry & Chemical Biology,
Department of Chemistry, Tsinghua University, Beijing 100084, China. E-mail:
xiayu@mail.tsinghua.edu.cn

*State Key Laboratory of Membrane Biology, School of Pharmaceutical Sciences,
Tsinghua-Peking Center for Life Sciences, Key Laboratory of Bioorganic Phosphorous
Chemistry and Chemical Biology, Tsinghua University, Beijing 100084, China.
E-mail: yin_hang@tsinghua.edu.cn

+ These authors contributed equally to this work.

© 2026 The Author(s). Published by the Royal Society of Chemistry

ST8SIA1, a GD3 synthase, leading to the accumulation of poly-
sialylated gangliosides, including GD3 and GD2, which subse-
quently  facilitate serum-independent  cancer cell
proliferation.*® GD2 also serves as a marker of CD44"CD24"
breast cancer stem cells and as a therapeutic target,*” as GD2-
CAR T cells effectively eliminate GD2" tumors and prevent
metastasis.’ These functions underscore gangliosides as key
mediators in the “lipid rewiring” process characteristic of
cancer.'"*?

Despite these advances, the current understanding of the
ganglioside metabolic network in cancer remains limited. The
majority of research efforts have been focused on specific gangli-
oside subclasses or on particular glycosyltransferases, with the
molecular structure of the ceramide moiety underexplored. Recent
studies indicate that ceramide composition plays a regulatory role
in modulating ganglioside function. For instance, the extent of
ceramide unsaturation in GM1 affects its incorporation into
membrane microdomains and modifies their signaling proper-
ties.”® Thus, detailed structural characterization of gangliosides is
essential for elucidating their functional roles and mapping the
metabolic regulatory network.

The inherent low abundance (0.1-5 mol% of total cellular
lipids)** and structural complexity of gangliosides present
challenges for conventional lipidomic profiling methods,*>>
resulting in low molecular coverage and an inability to distin-
guish structural isomers. For example, Li et al. detected 147
ganglioside species in HeLa cells using reversed-phase liquid
chromatography (RPLC)-tandem mass spectrometry (MS/MS).*®
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Fig.1 Selective enrichment of gangliosides by TiO, MNPs. (a) Representative structures of gangliosides and shorthand notation for each level of
structural identification. (b) TiO, MNP-based enrichment, including capture, washing, elution, and detection by LC-MS. (c) %Recovery of three
ganglioside standards at different concentrations. (d) %Removal of PS and PI standards. (e) Extracted ion chromatograms (EICs) of PS, Pl, GM3,

GD1a and GD1b standards before and after enrichment.

Hohenwallner et al. reported 33 gangliosides at the chain
composition level from porcine brain using high-field asym-
metric ion mobility spectrometry (FAIMS)-MS/MS." Vo et al.
identified 159 species from human serum using RPLC-trapped
ion mobility spectrometry (TIMS)-MS/MS.?>* Nonetheless, these
approaches do not capture deeper structural details, such as
chain composition or C=C position, while RPLC- or ion
mobility-based separations cannot distinguish sialic acid posi-
tional isomers like GD1a and GD1b (Fig. 1a).

A variety of isomer-resolved MS/MS techniques have been
developed for profiling lipids at detailed structural levels.”*** These
include advanced ion activation methods, such as ozone-induced
dissociation (OzID),* ultraviolet photodissociation (UVPD),** and
electron impact excitation of ions from organics (EIEIO).”” Addi-
tionally, C=C derivatization strategies coupled with MS/MS, such
as the Paterno-Biichi (PB) reaction**® and aziridination,* have
shown considerable success. However, these advanced MS/MS
methods have not been applied to ganglioside analysis.

Chem. Sci.

Here, we report an integrated analytical workflow designed
to overcome these limitations. Our approach builds upon a TiO,
magnetic nanoparticle (MNP)-based enrichment strategy
previously established in our group for neutral glyco-
sphingolipids,*** but tailored specifically for gangliosides. This
new enrichment method is further integrated with a charge-
tagging PB reaction and high-resolution amide hydrophilic
interaction chromatography (HILIC)-trapped ion mobility
spectrometry (TIMS). The workflow provides unprecedented
profiling capability for gangliosides, enabling the identification
of over 300 ganglioside structures at various structural levels in
the human breast adenocarcinoma MCF-7 cell line, spanning
a concentration range of three orders of magnitude. Further-
more, it facilitates the mapping of altered ganglioside metab-
olism in MCF-7 cells, encompassing enzymes involved in the
biosynthesis of the five structural building blocks of
gangliosides.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Methods

Shorthand notation of gangliosides

Gangliosides are annotated at multiple structural levels based on
information from MS/MS experiments. The glycan moiety is
abbreviated according to IUPAC nomenclature* (e.g., GT1b). The
ceramide portion is annotated following Lipid MAPS guidelines,*
reported at the species level (e.g., GT1b 36:1;0,), chain composi-
tion level (e.g., GT1b 18:1;0,/18:0;0), and the C=C positional level
using n-notation (e.g., GT1b 18:1(n-14);0,/24:1(n-9)). A detailed
guide to this nomenclature system is provided in the SI.

Materials and chemicals

GM3 (bovine milk), SHexCer 18:1(A4);0,/24:1(15Z), PS 16:0/
18:1(9Z), PI 18:1(9Z)/18:1(9Z), PG 16:0/18:1(9Z) and porcine
brain total lipid extracts were purchased from Avanti Polar
Lipids, Inc. (Alabaster, AL, USA). GD1a, GD1b mixtures (porcine
brain) and GM1la 18:1;0,/16:0[D9] were purchased from
Cayman Chemicals (Ann Arbor, Michigan, USA). Other chem-
icals were commercially sourced. Detailed information on the
materials is provided in the SI. No unexpected or unusually high
safety hazards were encountered.

Extraction of gangliosides from cells

Gangliosides were extracted using a modified Folch method.*?
Approximately 5.5 x 10° cells with 35 pmol of GM1a 18:1;0,/
16:0[D9] were homogenized in 3 mL of CHCl;/MeOH (2:1, v/v) by
ultrasonication for 30 min. After adding 600 uL of deionized
water, the mixture was shaken at 3000 rpm for 10 min and
centrifuged at 10000 rpm for 7 min. The upper layer was
transferred to a new tube. The lower phase was re-extracted with
675 uL of MeOH and 600 pL of H,O following the same steps.
The combined upper layers were dried under nitrogen.

Selective enrichment of gangliosides by TiO, MNPs

Lipid standards (GM3 40:1;0,, GD1a 36:1;0,, GD1b 36:1;0, at 1
uM; PI 18:1(9Z)/18:1(9Z) and PS 16:0/18:1(9Z) at 25 uM) were
enriched using 400 pg of TiO, MNPs. For gangliosides from cell
extracts, lipids extracted from ~5.5 x 10° cells were loaded onto
800 pg of TiO, MNPs in methanol, dried, and incubated with
loading buffer (ACN/NH,OH, 94:6, v/v). After 40 min of agitation,
TiO, MNPs were magnetically separated and washed four times
with 500 pL of ACN/NH,OH (94:6, v/v). The gangliosides were
eluted twice with 500 pL of DMF under 40 min of agitation, dried
under nitrogen, filtered through a hydrophobic PTFE membrane
and reconstituted in 100 pL of ACN/H,O (85:15, v/v) for analysis.

Offline PB derivatization

Enriched gangliosides from 5.5 x 10° cells and 10 mM of 2-
ccetylpyridine (2-AcPy) were dissolved in 100 pL of ACN/H,0O
(50:50, v/v). The solution was purged with nitrogen for 10 min to
remove oxygen, then injected into a flow microreactor and UV-
irradiated (254 nm) for 20 s. The reaction solution was collected
for subsequent HILIC-MS/MS analysis without further purifi-
cation. Further details are provided in the SI.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Other experimental protocols

Detailed information on the TiO, MNP synthesis, cell culture,
RNA extraction, qRT-PCR, and label-free proteomics protocols
are provided in the SI.

Amide HILIC-TIMS-MS/MS

A Waters ACQUITY UPLC I-Class system (Waters, Milford, MA,
USA) was used to separate the gangliosides on an ACQUITY
Premier BEH Amide column (150 mm x 2.1 mm, 1.7 um; Waters,
Milford, MA, USA). HILIC-TIMS-MS/MS detection was performed
on a hybrid trapped ion mobility-quadrupole time-of-flight mass
spectrometer (timsTOF, Bruker Daltonics, Bremen, Germany)
equipped with an ESI source. Data acquisition was carried out
using otofControl software (version 5.0, Bruker Daltonics, Bremen,
Germany). Detailed information on the amide HILIC separation
and MS parameters is provided in the SI.

Data Analysis

Data processing was conducted using Data Analysis 5.0 software
(Bruker Daltonics, Bremen, Germany). Identification of the
gangliosides was performed manually, utilizing retention time
(R.T), accurate m/z, ion mobility (1/K,), and fragmentation rules
in negative, positive ion mode MS/MS, and PB-MS/MS.

Results and discussion
Selective enrichment of gangliosides by TiO, MNPs

Previously, our group had developed an enrichment protocol
employing TiO, MNPs for neutral glycosphingolipids.®>** The
principle of enrichment is based on the multidentate coordination
between Ti(v) and the cis-diol groups of neutral glyco-
sphingolipids under basic pH conditions, which are not favorable
for PC and PE. However, we found that directly adapting this
protocol resulted in poor ganglioside recovery (~16%). This is
likely caused by the higher hydrophilicity, negative charge, and
increased steric hindrance associated with the complex glycan
headgroups of gangliosides, compared to neutral glyco-
sphingolipids. Using the modified Folch lipid extraction
protocol,* neutral glycosphingolipids remain in the organic phase
with PC and PE as the major interfering phospholipids. As
a comparison, gangliosides partition into the aqueous phase along
with relatively polar phospholipids, such as phosphatidylinositol
(PI) and phosphatidylserine (PS), owing to their strong anionic
property and high polarity. In order to establish an optimized
enrichment protocol, a mixture of lipid standards was used,
mimicking a ganglioside extract from cells.** The mixture con-
tained 1 uM each of GM3 40:1;0,, GD1a 36:1;0,, and GD1b
36:1;0,, as well as 25 pM each of PI 18:1(9Z)/18:1(9Z) and PS 16:0/
18:1(9Z). As the GM3, GD1a, and GD1b standards were provided as
mixtures of different ceramide chain lengths, the concentrations
of GM3 40:1;0,, GD1a 36:1;0,, and GD1b 36:1;0, were only
approximate. By using a basic pH loading buffer (6% aqueous
NH;/94% ACN, pH = 11.8), gangliosides,””*' PS,*** and PI** are
co-captured by 400 ng of TiO, MNPs. Given that the aliphatic
hydroxyl groups on glycans exhibit pK, values in the range 15 to
18,® they engage in interactions with Ti(wv) through bidentate
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chelating mechanisms, as depicted in Fig. 1b. Conversely, the
carboxylic acid moieties in gangliosides and the headgroup of PS
are presumably deprotonated, facilitating their interaction with
Ti(v) via binuclear bidentate coordination. If the previously
developed washing buffer is applied, substantial losses of gangli-
osides, as well as PS and PI, occur due to the high MeOH content
(96% MeOH/4% aqueous, 20 mM NH,HCO;, pH = 10.2). One
possible explanation is that the proton-donating ability of MeOH
destabilizes lipid adhesion to TiO, MNPs by weakening electro-
static and hydrogen-bonding interactions, while its high polarity
facilitates lipid dissolution. Thus, optimized washing and elution
conditions are needed to achieve selective enrichment of gangli-
osides over PS and PI. Considering the polarity and functional
group differences between gangliosides and PS/PI, a-series of
organic solvents were screened to select a suitable washing buffer
(Fig. S1). We found that 6% aqueous NH3/94% ACN solvent was
suitable for both loading and washing, as it did not elute gangli-
osides. For elution, dimethylformamide (DMF) provided the best
performance (Fig. 1c). While the exact mechanism is unclear, it is
likely that competitive coordination between DMF and Ti(w)*
destabilizes interactions between gangliosides and TiO,, while the
high polarity of DMF promotes the preferential solvation of the
more polar gangliosides compared to PI and PS.

We further evaluated the performance of the optimized
enrichment protocol. Using 400 pg of TiO, MNPs, we achieved
75-109% recovery for the ganglioside standards across three
initial concentrations (25 nM, 120 nM, and 600 nM) (Fig. 1c),
consistent across different ceramide chain lengths (C34-C42)
and degrees of unsaturation (1-2) (Fig. S2). Over 80% of PS 16:0/
18:1(9Z) and PI 18:1(9Z)/18:1(9Z) were successfully removed
(Fig. 1d). This optimized enrichment protocol enabled a 10-fold
increase in the maximal amount of gangliosides per injection,
from 0.5 pmol to 5 pmol, for GM3 40:1;0, (Fig. 1e).

Profiling of gangliosides at multiple structural levels in MCF-7
cells

To profile gangliosides at multiple structural levels, we devel-
oped an integrated workflow combining TiO, MNP-based
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selective enrichment, a charge-tagging PB reaction, and amide
HILIC-TIMS-MS/MS (Scheme 1). Considering the important role
that gangliosides play in breast cancer, we use MCF-7 cells as
a model to evaluate the profiling capability of this workflow.
Gangliosides were extracted from 5.5 x 10° MCF-7 cells using
a modified Folch method with GM1a 18:1;0,/16:0[D9] (35 pmol)
added as internal standard for normalization across samples,
followed by enrichment using 800 pg of TiO, MNPs. As a result,
the maximum lipid amount for each injection was increased
from 3.5 x 10" cells to 2.8 x 10’ cells, leading to an eightfold
increase (Fig. S3). The enriched gangliosides were analyzed
using the following pipelines: (1) profiling on the subclass and
species levels by HILIC-TIMS-MS/MS (precursor ions: [M — H| ™,
[M — 2H]*"); (2) profiling on the ceramide chain composition
level by HILIC-MS/MS (precursor ions: [M + H]", [M + NH,]", [M
+ 2H]*"); (3) profiling on the C=C location level by performing
offline charge-tagging PB derivatization followed by HILIC-MS/
MS (precursor ions: [P®M + HJ*, [7®M + 2H]*).

Amide HILIC was selected for its superior separation of
ganglioside subclasses and its ability to resolve sialic acid
positional isomers (e.g., GD1a/GD1b) compared with RPLC.'***
It also yielded improved peak shapes over conventional diol-
HILIC, attributed to stronger amide-glycan interactions
(Fig. S4). Fig. 2a displays the retention behavior of 17 ganglio-
side subclasses from MCF-7 cells. In general, the retention time
increased with the number of neutral glycans (2-6) and the
number of sialic acid residues (1-3). The gangliosides con-
taining NeuGc variants eluted ~0.5 min later whereas NeuAc,
eluted ~1 min earlier than the corresponding NeuAc counter-
parts. Several novel subclasses containing five neutral glycans
were observed, including SSEA-4 antigen, HexNAc-GD1a, Hex-
GD1a, and Fuc-GM1a. For each subclass, species with varying
ceramide compositions co-eluted in a 1 min window, allowing
limited chromatographic resolution of ceramide heterogeneity.

We integrated TIMS as an orthogonal separation method
after amide HILIC to enhance the separation of co-eluting
gangliosides based on the ceramide structure, ie., X:Y;0,,
where X represents the number of carbons, Y indicates the

i 9[]9.—Cer
35 pmol IS g
800 ug g¥
ug *y

g&Cor

100 pL ACN/H,0
(85/15, viv)

Scheme 1 Workflow for multi-level structural profiling of gangliosides. Gangliosides are extracted and selectively enriched from 5.5 x 10° cells,
followed by separation using amide HILIC and TIMS, and subsequent MS/MS and PB-MS/MS analyses to resolve multiple structural levels.
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degree of unsaturation, and O,, corresponds to the degree of
hydroxylation. Taking GM3 as an example, the 73 species within
this subclass occupy unique m/z vs. ion mobility, according to
the number of hydroxylations (n = 2-4) in the ceramide moiety
(Fig. 2b). Additionally, the ion mobility values (1/K,) increased
monotonically with the total carbon number in ceramide (X =
33-46) and decreased with degree of unsaturation (Y = 0-4) or
the number of hydroxylations (n = 2-4). Two isobaric species,
ie, GM3 42:2;0; (M — H| ", m/z 1277.794, 1/K, = 1.775 V-S
cm %) and GM3 43:1;0, (M — H]|~, m/z 1277.846, 1/K, = 1.827
V-S em™?), were resolved by TIMS, but were not fully separated
by amide HILIC (inset of Fig. 2a). We also discovered previously
unreported ceramide types, such as X:Y;0; and X:Y;0,4, in MCF-
7 cells. Using this approach, we identified 17 subclasses and 319
species of gangliosides in MCF-7 cells, far exceeding the
numbers without enrichment (7 subclasses and 76 species)
(Fig. 2c). TiO, MNP-based selective enrichment significantly
boosts the detection of low-abundance species, expanding the
dynamic range by two orders of magnitude. These low-
abundance species also exhibit notable diversity in sialic acid
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types (NeuAc, NeuGc, NeuAc,), ceramide types (X:Y;0,, X:Y;03,
X:Y;0,), and degrees of unsaturation (0-4) (Fig. S5).

In order to characterize N-acyl and LCB composition in the
ceramide moiety, we performed MS/MS on individual ganglio-
side species in positive ion mode. Tandem mass spectrometry
employing collision-induced dissociation (MS> CID) of the
protonated molecular ions produces characteristic LCB frag-
ment ions, viz. **x:y;0, or *x:0;0;. Here, * signifies the loss of
a water molecule; x and y represent the number of carbon atoms
and the degree of unsaturation in the LCB moiety, respectively;
and O,/3 indicates the degree of hydroxylation. TIMS was not
activated in this process to reduce the degree of ion fragmen-
tation before CID. This is because prolonged ion accumulation
in TIMS results in elevated ion densities, inducing space charge
effects that lead to ion losses, activation, and fragmentation.*
TIMS was not activated in this process to prevent space charge
effects, which can cause ion losses and fragmentation that can
degrade analytical utility. Fig. 2d shows the zoomed-in MS/MS
spectra of GM3 42:2;0, (M + H]', m/z 1263.8) and GM2
42:2;0, (M + H]', m/z 1466.8). The high-quality data clearly
suggest that GM3 42:2;0, contains three chain composition
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Fig. 2 Deep profiling of gangliosides from MCF-7 cells. (a) A plot of the number (#) of neutral glycans vs. retention time (R.T.) from the use of
amide HILIC-MS. The EICs of GM3 are shown as an inset in (a), highlighting GM3 42:2;05 (blue trace) and GM3 43:1;0, (purple trace). (b) A plot of
m/z vs. 1/Kq of 73 GM3 species. The inset shows the extracted mobilogram of m/z 1277.8, demonstrating a separation of isobaric GM3 42:2;0+
and GM3 43:1;0,. (c) Relative abundances (%A) of gangliosides detected with (319 species) and without (76 species) selective enrichment. %A is
calculated by normalizing the EIC peak area of each species to GD1a 42:2;0, (100%). (d) MS2 CID of GM3 42:2;0, and GM2 42:2;0, (IM + HI*). (e)
Relative composition of chain isomers in GM3, GM2, GM1a, and GD1a, all containing 42:2;0,. (f) PB-MS? CID of GM3 18:1;0,/24:1 derivatized

with 2-acetylpyridine (2-AcPy).
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isomers based on the detection of **18:1;0,, **18:2;0,, and
**20:1;0,, whereas GM2 42:2;0, has two (**18:1;0, and
**20:1;0,). The relative composition of each chain composition
isomer was calculated by normalizing the corresponding LCB
fragment to the sum of all LCB fragment ions in the same
spectrum. We found that GM3 18:1;0,/24:1 accounted for 93%
of GM3 42:2;0, with minor contributions from GM3 18:2;0,/
24:0 (5%) and GM3 20:1;0,/22:1 (2%). In contrast, GM2 18:1;0,/
24:1 was most abundant (70%), followed by GM2 20:1;0,/22:1
(30%). Analysis from four subclasses, all consisting of the same
ceramide moiety 42:2;0, revealed that 18:1;0, was the domi-
nant LCB across all subclasses (70-94%). However, the
compositions of minor components differed: GM3 contained
higher 18:2;0, (5%), whereas GM2, GM1a, and GD1a contained
elevated 20:1;0,. Notably, 20:1;0, reached 30% in GM2,
compared with 2-9% in other subclasses. These findings
highlight distinct chain composition patterns across subclasses
(Fig. 2e).

We successfully resolved detailed chain composition infor-
mation for 153 out of 319 species, yielding 220 distinct struc-
tures at the chain composition level. They can be categorized
into seven types of LCBs, including four types of sphingosine
(SPH, x:1;0,, x = 16-19), two types of sphingadiene (SPD, x:2;0,,
x = 18, 20), and one type of phytosphingosine (PHS, 18:0;03,
Fig. S6a). Compared to the two commonly reported 18:1;0, and
20:1;0, in gangliosides,"” the gangliosides constituting the
other LCBs are all of relatively low abundance, which can only
be characterized by MS/MS after enrichment. N-acyl chains also
exhibit diversity regarding chain lengths (C14-C26), degrees of
unsaturation (0-3), and number of hydroxylations (0-1).

C24:1(n-9)

[}
H
oK P OH HN =
o_Ho 2
o o on % M/\/\/\/\/\/\/
OH OH
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Representative MS/MS spectra for hydroxylated fatty acids (hFA)
are provided in Fig. S6b and c.

We found that more than 1/3 of gangliosides contained at
least one C=C bond besides the C4-C5 C=C in sphingosine.
Consequently, we conducted offline charge-tagging PB deriva-
tization (Fig. S7) and performed targeted MS> CID on the PB
products in positive ion mode. We selected 2-acetylpyridine (2-
AcPy) as the PB reagent, owing to its relatively high reaction
yield, ability to enhance ionization efficiency of derivatized
gangliosides in positive ion mode, and mitigation of in-source
fragmentation. Because the C4-C5 C=C in the LCB reacts
poorly in the PB reaction,** PB-MS/MS produces mainly diag-
nostic ions of C=C bonds other than at this location. In
general, three types of C=C diagnostic ions can be detected:
"o, "Za, and "*Y,. The generic structures of the diagnostic
ions are shown in Fig. 2f. The superscript (n-x) denotes C=C
position counting from the methyl end; the subscripts “A” and
“0” indicate an aldehyde or olefin functional group at the C=C
bond cleavage site, respectively. Fig. 2f shows the PB-MS” CID
spectrum of GM3 18:1;0,/24:1 ([*®M + H]', m/z 1384.9) detected
from MCF-7 cells. Diagnostic ions specific to n-9 ("“fo, "Z,,
"9Y,) and n-7 ("7Ye) C=C locations are of relatively high
abundance. The relative compositions of n-9 and n-7 isomers
were calculated as 89% and 11%, respectively, based on the
relative abundances of Yo ions. Using this approach, we iden-
tified 19 ganglioside structures at the C=C location level in
MCF-7 cells, revealing the C=C positions in gangliosides for the
first time. Monounsaturated N-acyls (C22-24) commonly
consist of n-7, n-8, and n-9 isomers, while C24:2 is mainly
contributed by an n-(6,9) C=C bond configuration.

#1 Gangliosides #5 GM3 42:2,02

18:1,02 #2 Ganglio-series #6 GM3 18:1;02/24:1
HoHO (3 " #3 a-series #7 GM3 18:1;02/24:1(n-9)
HO. H'N OH = g.cer #4 GM3
L . - .
SSEA antiaen e e bt
18 c‘f '@ Glc ¢ NeuAc, O GalNAc A Fucose |
18 9 {0Gal ¢ NeuGc & NeuAc i
Globo-series )
spH  PHS
N
\ X:Y;03
b & 20:1;02  19:1,02
Cer , ’
- b, ¥ #4
Ganglio X:Y;04 11,
O-Ac-GD3 -series GM3
8.\ 373 P 14 #5
10—39 p-series e S
a-series 74
GT1b e T 334 (64 9
g | / g 64 om2 5 16:1;:0217:1:02 c24: g
15 Cer
GD2 $ecr @ \ 42 SPD
GD3 GM3(NeuGc) GM1a
1" 42
OQEQe-Cer 14
cer GD1a
HexNAc-GD1a g B Newly identified structures in MCF-7 cells
Fuc-GM1a

Fig. 3 Structural atlas of gangliosides in MCF-7 cells. The number in each circle indicates the count of structures identified in each structural
layer (#1-#7), which is proportional to the size of the circle. Newly reported structures are highlighted in red.
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Additionally, the SPD is determined as 18:2;0,(n-4,14). These
structures have previously been reported in neutral glyco-
sphingolipids from brain tissue, suggesting a potential
homology of their fatty acid compositions.*?

Our workflow presents the most extensive profiling of
cellular gangliosides to date, documenting 391 distinct struc-
tures of gangliosides, encompassing 17 subclasses and 319
species, with 220 structures having defined chain compositions
and 19 with specified C=C locations. Our findings not only
surpass previous cellular ganglioside coverage, which reported
up to ~150 species but also extend structural resolution beyond
the species level."®** Experimental details, including retention
time, m/z, 1/K,, and relative abundance of identified ganglioside
structures in MCF-7 cells, are provided in Tables S1-S3.

The rich molecular information allows us to delineate a top-
down structural atlas of the gangliosides in MCF-7 cells in seven
layers (Fig. 3). The atlas provides a visualization of the connections
and divergences amongst individual structure layers, effectively
reflecting the metabolic pathways of gangliosides. For instance,
the second structural layer (#2) is clustered into ganglio- and
globo-series according to the identity of the neutral glycan core.
Starting from the ganglio-series, it further diverges into 0- and a-
series (layer #3), defined by the number of sialo groups on the
innermost galactose. The a-series contains 12 subclasses (layer #4)
according to the numbers of neutral glycans and sialic acids, such
as GM3, GM2, GM1a, and GD1a Fuc-GD1a and GM3(NeuGc). Each
subclass is further categorized by the number of hydroxylations in
the ceramide moiety (layer #5), such as GM3 X:Y;0, (n = 2, 3, 4).
Within GM3 X:Y;0,, the structures are grouped based on the types
of LCB, viz. SPH, PHS, and SPD, and further characterized by chain
length (e.g., 16:1;0,) (layer #6). On this same structural layer, the N-
acyl is identified by carbon number and degrees of unsaturation
(m), e.g. C24:1. Gangliosides consisting of additional C=C besides
the sphingosine C4-C5 C=C, can be characterized by the location
(layer #7). For instance, GM3 18:1;0,/24:1 is composed by two
C=C location isomers of C24:1(n-7) (11%) and C24:1(n-9) (89%).

Coordinated remodeling of ganglioside metabolism in MCF-7
breast cancer cells

Aiming to map the metabolic changes of gangliosides at
multiple structural levels in the MCF-7 breast cancer cell line,
we used a human mammary epithelial cell line (MCF-10A) as
a control, with three biological replicates analyzed for each cell
line. From the MCF-10A cells, we identified 215 ganglioside
species across 24 subclasses, with 122 and 30 structures having
defined chain composition and C=C location (data provided in
Tables S4-S6). Compared with MCF-10A, the MCF-7 cancer cells
exhibited ~3-fold more gangliosides (ion abundance/cell)
(Fig. 4a). This observation is consistent with previous reports
that breast cancer cells often exhibit elevated levels of sialylated
glycoconjugates, including gangliosides.*® Due to the absence of
commercially available ganglioside standards, the reported
abundance of total gangliosides, series and subclasses does not
represent actual molar ratios. For relative quantification, we
employed integrated EIC peak areas for species-based analyses,
including total gangliosides, series, and subclasses, as these

© 2026 The Author(s). Published by the Royal Society of Chemistry
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species can be resolved by LC or TIMS. Given that chain
composition and C=C location isomers cannot be resolved by
LC or TIMS, diagnostic fragment ion abundances were
employed for the relative quantitation of these isomeric levels.
By taking a deeper look at the ganglio-series, the a-series shows
a prominent increase, with relative composition boosted from
52% to 98% (Fig. 4b), while the relative compositions of 0- and
b-series decreased to 0% and 2%, respectively.

Benefiting from selective enrichment, we profiled 31 distinct
ganglioside subclasses across the two cell lines, including 21
novel ones highlighted in a purple font in Fig. 4c (MS/MS data
provided in Fig. S8). Notably, 27 subclasses showed significant
changes (p < 0.05) between cancer and normal breast cancer
cells, based on the analysis of three biological replicates per cell
line using a two-tailed t-test. The cancer cells showed signifi-
cantly elevated GD1a (44% vs. 5%), GM1a (9% vs. 0%), Hex-
GD1a (6% vs. 0%), SSEA-4 antigen (0% vs. 1.9%), and NeuGc-
containing subclasses relative to the control (Fig. S9). In
contrast, GD3 (0.6% vs. 6%) and GD2 (0.3% vs. 12%) were
reduced; neolacto-series gangliosides, including G6 ganglioside
and the four newly reported subclasses (1-4 in Fig. 4c), were
below the limit of detection in MCF-7 cells. Our results differ
from previous reports of elevated GD3 and GD2 in breast
cancer,®* likely due to subtype- and model-specific heteroge-
neity. Elevated ganglioside subclasses in MCF-7 have been
implicated in cancer-related functions. For instance, GM1la
localizes to lipid rafts, where it interacts with TrkA receptors,
stabilizes EGFR, and enhances PI3K/Akt signaling to support
cell survival under stress and nutrient deprivation.** GD1a
enhances EGFR and PDGFR phosphorylation and recycling,
sustaining proliferative signaling and cell cycle progression.*
SSEA-4 antigen acts as a cancer stem cell marker, promoting
self-renewal, drug resistance, and invasiveness.** Moreover,
while both ganglio- and neolacto-series gangliosides were
detectable in MCF-10A, MCF-7 cells exhibited only ganglio- and
globo-series gangliosides, indicating a cancer-associated shift
in the neutral glycan core composition.

MCF-7 cancer cells also exhibited significant alterations in
ceramide chain compositions compared to MCF-10A. Ganglio-
sides in both lines were composed of SPH (x:1;0,), SPD (x:2;0,),
and PHS (x:0;03). As SPH and SPD often coexisted in the same
species, their combined composition (%Ayy,00, ¥ = 1, 2) was
calculated for each subclass. We found a significant decrease in
the combined SPH and SPD, from nearly 100% to 44-86%, in
seven out of ten subclasses commonly detected in both cell lines
(Fig. 4d). A further look into the composition of SPH type
revealed that %18:1;0, decreased in 41 species of commonly
detected ganglioside species with defined chain compositions
in both cell lines (Fig. 4e). Conversely, an elevated %20:1;0, was
consistently observed in 24/24 ganglioside species commonly
detected in both cell lines (Fig. 4f). Minor LCBs, including
17:1;0, and 19:1;0, also exhibited elevated levels in MCF-7 cells
(Fig. S10). In terms of N-acyl composition, MCF-7 showed
reduced C16: 1 (n = 0-1) content across seven subclasses
(Fig. 4g). A detailed comparison of ganglioside structures at
chain composition level is presented in Fig. S11. At the C=C
location level, C22:1 and C24:1 N-acyls both contain n-7 and n-9
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Fig.4 Alterations of gangliosides in MCF-7 vs. MCF-10A cells. (a) Relative abundance (%Abund.) of gangliosides per cell. (b) Relative composition

of 0-, a-, and b-series. (c) Relative composition of gangliosides for each

subclass. (d) Relative composition of LCB, x:y;O, (x =16-20,y =1, 2),

across seven subclasses commonly detected in both cell lines. (e) Relative composition of 18:1;0, in 41 species detected in both cell lines. (f)
Relative composition of 20:1;0, from 24 species detected in both cell lines. (g) Relative composition of fatty acyl, C16: i (n = 0-1), across seven
subclasses. (h) Relative composition of n-9 isomers in GM3 and GM2 containing C22:1 or C24:1. Note: equations for calculating relative
compositions are shown in the insets, with “%A" calculated from the EIC peak area and "%l" from the peak intensity in MS/MS data. Data are mean
+ standard deviation (SD, n = 3 for each cell line); significance calculated by two-tailed t-test (¥p < 0.05, **p < 0.01, ***p < 0.001).

C=C location isomers. Notably, the relative compositions of n-9
isomers all show a significant decrease in MCF-7 cells relative to
the control (Fig. 4h), consistent with prior studies associating
reduced n-9 isomers in phospholipids with increased breast
cancer aggressiveness.” These findings suggest that ganglioside
remodeling in MCF-7 cells is a highly coordinated process,
entailing rewiring of all five structural modules, such as the
glycan headgroup, LCB, N-acyl, and C=C location.

To dissect the regulatory logic behind this, we integrated the
lipidomic data with targeted gene expression analysis and label-
free quantitative proteomics. First, we performed quantitative
reverse transcription PCR (qRT-PCR) to quantify nine enzymes
participating in ganglioside biosynthesis. These enzymes were
selected because their corresponding lipid products showed
significant alterations in MCF-7 cells (Fig. 5a). The primer
information used for qPCR is provided in Table S7. Consistent
with elevated a-series in MCF-7 cells, ST3GALS5, which adds
sialic acid to internal galactose to produce an a-series ganglio-
side, is significantly upregulated in MCF-7 cancer cells. ST8SIA1
is an enzyme responsible for converting a-series to b-series
gangliosides via «2,8-sialylation. Interestingly, ST8SIA1 shows
no significant change, leading toward a-series accumulation.

Chem. Sci.

ST3GAL2, which modifies GA1, GM1a, and GD1b to yield GM1b,
GD1a, and GT1b, respectively, is also upregulated. Conversely,
ST8SIA5, converting GM1b, GD1a, and GT1b into more complex
gangliosides, is downregulated. The collective modulations of
ST3GAL2 and STS8SIA5 expression align with observed GD1a
accumulation. CMAH is responsible for converting NeuAc to
NeuGce (Fig. S12). Despite a decrease in CMAH expression,
NeuGc-containing gangliosides show an increased amount,
possibly via exogenous NeuGc uptake or sialic acid pathway
reprogramming.®> Ceramide-related enzymes are also altered
from the transcription level. DEGS1, CerS5 (with C14:0 and
C16:0 specificity), and CerS6 (with C16:0 specificity) are all
downregulated, while DEGS2 remains unchanged. These coor-
dinated changes are consistent with reduced %Ac;e. , (7 = 0-1)
and %Ayy.0, (x = 16—20, y = 1-2) in gangliosides from the
cancer cell line. SCD1, which desaturates C16:0 or C18:0 to
generate monounsaturated fatty acids (MUFAs), is also down-
regulated. However, its role in n-9 isomer reduction is unclear,
as it contributes to both n-7 and n-9 MUFA synthesis.

To confirm enzymatic changes in protein level, we performed
label-free quantitative proteomics (three replicates per cell line).
Out of 39 enzymes involved in ganglioside biosynthesis (Table S8),

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Metabolic alterations of gangliosides in MCF-7 relative to MCF-10A. (a) Relative transcriptional levels of 9 enzymes and (b) relative protein
expression levels of 22 enzymes involved in the biosynthesis of gangliosides. (c) The five-module (#1-5) biosynthetic network of gangliosides,
consisting of N-acyl, LCB, ceramide, sialic acid, and glycan. The color of the fonts indicates enzyme and lipid regulation: Red, up; blue, down;
gray, not significant; black, not detected. Protein-level changes are in regular font; mRNA-only changes are in italics; * indicates mRNA—protein
discrepancy. Solid arrows: established pathways; dashed arrows: unknown pathways.

22 were detected in both cell lines, with abundances ranging from
0.005% to 0.7% relative to the most abundant protein (GTSE1,
Fig. S13). The relative abundances of these enzymes are shown in
Fig. 5b. Only 8 glycosyltransferases were detected, likely due to
their membrane association, underscoring the limitations of
current proteomic methods in detecting low abundance or
membrane-bound enzymes. ST3GAL2, CerS6, and SCD1, showed
consistent changes at transcription and protein expression levels,
suggesting transcriptional regulation. In contrast, DEGS1 and
CerS5 showed discordant patterns. That is, DEGS1 mRNA was
downregulated in MCF-7 with protein expression unchanged,
while CerS5 mRNA was decreased, accompanied by increased
protein expression. These discrepancies may indicate post-
transcriptional or post-translational regulation affecting enzyme
abundance independently of mRNA levels. Several alterations in
ganglioside metabolism cannot be explained by the enzymatic
changes observed at the mRNA or protein levels. For instance, the
biosynthetic origins of uncommon subclasses, such as G6

© 2026 The Author(s). Published by the Royal Society of Chemistry

ganglioside, Hex-GD1a, HexNAc-GD1a, and subclasses 1 to 4,
remain unclear. Likewise, the selective enzymatic mechanisms
responsible for the elevated 20:1;0, LCB and n-7 isomers in C22:1
and C24:1 species in MCF-7 cells are not yet understood. None-
theless, the profiling data provide valuable clues for identifying
previously unrecognized enzymatic activities.

Building on both lipidomics and proteomics data, we
propose a lipid-centric framework for reconstructing the altered
ganglioside metabolic network. The approach begins with lip-
idomic profiling to map changes across multiple structural
levels of gangliosides, followed by targeted analysis of key
biosynthetic enzymes at both transcript and protein levels. This
leads to the construction of a five-module biosynthetic network
(Fig. 5c¢), including N-acyl, LCB, ceramide, sialic acid, and
glycan. This network provides the most comprehensive view of
ganglioside remodeling in breast cancer cells to date, which
cannot be obtained from existing databases, such as the Cancer
Cell Line Encyclopedia (CCLE).
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Conclusions

We developed a highly sensitive analytical workflow for the
molecular profiling of gangliosides by integrating selective
enrichment, amide HILIC-TIMS-MS/MS, and charge-tagging PB
derivatization. The dynamic range for ganglioside detection
from MCF-7 cells is extended by two orders of magnitude
compared to conventional methods, leading to the construction
of a structural atlas of 391 ganglioside molecules across
subclass, species, chain composition, and C=C bond positions.
This workflow reveals numerous novel structures, including
new subclasses (GM3(NeuGc), SSEA-4 antigens, etc.), highly
hydroxylated ceramides (X:Y;03/O,4), unusual LCBs (17:1;0,,
19:1;0,, 18:0;03), hydroxylated fatty acids, and precise C=C
bond locations. The deep profiling capability allows us to map
the remodeling of five key building blocks of gangliosides in
MCF-7 breast cancer cells relative to a normal control, such as
altered glycan types, shifts in LCB and fatty acyl compositions,
and changes in C=C location isomers. These previously
unrecognized changes in ganglioside metabolism may influ-
ence membrane properties and signaling in cancer cells.

The integration of targeted transcriptomic and untargeted
proteomic analyses reveals that these lipid changes are under-
pinned by coordinated, yet sometimes uncoupled, regulation of
biosynthetic enzymes. ST3GAL2, CerS6, and SCD1 show consistent
trends across mRNA and protein levels, whereas DEGS1 and
CERS5 exhibited discordant patterns, possibly reflecting complex
regulatory layers. Using this lipid-centric approach, we construct
a hypothesis-generating model of ganglioside metabolism, which
contains five key structural modules: N-acyl, LCB, ceramide, sialic
acid, and glycan. By acquiring the profiles of structurally resolved
gangliosides, the lipid-centric approach delineates mechanistic
links between lipid remodeling and enzyme regulation, expanding
knowledge beyond the scope of current databases such as CCLE.
Furthermore, our method overcomes the limited coverage of
membrane-bound and low-abundance enzymes inherent in
untargeted proteomics approaches by performing targeted
enzyme discovery based on differential lipids identified via deep
profiling. Although some ganglioside remodeling remains unex-
plained with existing knowledge, this type of information provides
important experimental clues for the discovery of previously
uncharacterized enzymatic functions in ganglioside biosynthesis.
It is also important to note that analyzing additional breast cancer
subtypes, such as triple-negative models, will be crucial for
generating a more comprehensive and subtype-specific map of
altered ganglioside metabolism in breast cancer.

The limitations of our study should also be acknowledged.
Due to the scarcity of commercially available ganglioside stan-
dards, quantification is performed in a semi-quantitative
fashion. Future efforts incorporating more diverse internal
standards or employing parallel quantitation will be essential to
achieving more accurate profiling data. The proposed biosyn-
thetic connections are correlative and will require functional
validation (ex., genetic perturbation) in biological and clinical
models to confirm causality and pathophysiological relevance
in breast cancer. Moreover, the potential of alternative
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enrichment materials and protocols, such as Zr**-immobilized
solid-phase extraction columns,*** can be explored.
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