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Abstract
A ‘shotgun’ lipidomics strategy consisting of sequential functional group selective chemical
modification reactions coupled with high-resolution / accurate mass spectrometry and ‘targeted’
tandem mass spectrometry (MS/MS) analysis has been developed and applied toward the
comprehensive identification, characterization and quantitative analysis of changes in relative
abundances of >600 individual glycerophospholipid, glycerolipid, sphingolipid and sterol lipids
between a primary colorectal cancer (CRC) cell line, SW480, and its isogenic lymph node
metastasized derivative, SW620. Selective chemical derivatization of
glycerophosphoethanolamine and glycerophosphoserine lipids using a ‘fixed charge’ sulfonium
ion containing, d6-S,S′-dimethylthiobutanoylhydroxysuccinimide ester (d6-DMBNHS) reagent
was used to eliminate the possibility of isobaric mass overlap of these species with the precursor
ions of all other lipids in the crude extracts, thereby enabling their unambiguous assignment, while
subsequent selective mild acid hydrolysis of plasmenyl (vinyl-ether) containing lipids using
formic acid enabled these species to be readily differentiated from isobaric mass plasmanyl (alkyl-
ether) containing lipids. Using this approach, statistically significant differences in the abundances
of numerous lipid species previously identified as being associated with cancer progression, or
that play known roles as mediators in a range of physiological and pathological processes, were
observed between the SW480 and SW620 cells. Most notably, these included increased
plasmanylcholine and triglyceride lipid levels, decreased plasmenylethanolamine lipids, decreased
C-16 containing sphingomyelin and ceramide lipid levels, and a dramatic increase in the
abundances of total cholesterol ester and triglyceride lipids in the SW620 cells compared to those
in the SW480 cells.

Introduction
Lipids comprise the majority of cellular membranes and are necessary for several cellular
functions including structure and signaling1,2. Numerous studies have demonstrated that
disruption of lipid metabolism and/or signaling is associated with the onset and progression
of several human cancers including lung3, prostate3,4, breast3,5,6, brain7, liver8 and
colorectal9–12. Notably, changes in the abundances of ether-linked glycerophosphocholine
(PC) and glycerophosphoethanolamine (PE) lipids have been correlated with malignancy
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and metastatic potential in various cancers3. Specifically for colorectal cancer (CRC), the
third leading cause of cancer deaths in the United States13, increased plasmanyl-PC lipid
levels and significantly decreased plasmenyl-PE lipids have been reported in malignant
colon cancer versus normal tissue11,12. At present, however, little information is available
regarding the changes in ‘global’ lipid metabolism profiles that occur between normal and
diseased cells, tissues or readily accessible bodily fluids as a function of the onset and
progression of CRC. Such information could provide further insights into the biological
mechanisms by which lipids are associated with cancer development, or lead to the
identification of effective biomarker signatures of the disease, e.g., to differentiate between
benign, primary versus metastatic cancers, or serve as targets for therapeutic intervention.

Mass spectrometry (MS) and tandem mass spectrometry (MS/MS) methods are an excellent
choice for comprehensive lipidome analysis, providing capabilities for rapid and sensitive
monitoring of the molecular compositions and abundances of individual lipid species in
complex extracts obtained from limited quantities of tissue, with minimal need for sample
preparation14. However, there are several caveats associated with the use of MS methods for
lipidome analysis. First and foremost is the structural diversity and complexity of the lipid
mixtures that can result from extraction of a given cell or tissue. There are eight general
classes of lipids including fatty acyls, glycerolipids, glycerophospholipids, sphingolipids,
sterol lipids, prenol lipids, saccharolipids and polyketides, each with their own subclasses.
Glycerophospholipids, for example, may contain any of seven different head groups linked
to the sn-3 position of the glycerol backbone, as well as fatty acyl chains with variable
carbon lengths and degrees of unsaturation attached to the sn-1 and sn-2 positions. Adding
to this diversity, acyl chains typically linked to the sn-1 position may alternatively be
substituted with an ether linkage, most commonly consisting of a plasmenyl vinyl-ether (i.e.,
-O-alk-1′-enyl or plasmalogen) bond, or by an plasmanyl alkyl-ether (i.e., 1-O-alkyl) bond,
while hydrolysis of the acyl chain from the sn-2 position results in the formation of a
lysophospholipid species. Individual lipids containing different head-group and acyl-chain
compositions, but with the same nominal mass, may not be identified on the basis of their m/
z values alone when using mass analyzers with only unit mass resolving power (e.g., ion
traps or triple quadrupoles). Furthermore, other lipids of the same class but belonging to
different subclasses may yield ions with isomeric molecular structures, and therefore the
same exact m/z, so cannot be distinguished from one other even when using high resolution/
accurate mass instrumentation (e.g., plasmanyl lipids containing one additional site of
unsaturation compared to plasmenyl containing lipids, both with the same head group (i.e.,
[PC(P- 36:0)+H]+ = [PC(O-36:1)+H]+)). Additionally, isomeric lipid species with the same
head group but differing in their individual sn-1 and sn-2 acyl chain compositions (e.g.,
[PC(16:0/22:6)+H]+ and [PC(18:1/20:4) )+H]+), will also be present at the same exact m/z value.
Also, lipids that have different molecular elemental compositions may actually yield ions
with the same ionic elemental compositions (e.g. [PE(32:0)+H]+ = PC(29:0)+H]+ =
[PA(34:1)+NH4]+, and [PS(36:0)+H]+ = PG(36:2)+NH4]+), depending on the ionic adduct that
is formed upon ESI-MS. Finally, low abundance lipid species that are present at or below
the level of chemical noise present within a mass spectrum are often not identified by MS
measurements alone.

Traditionally, to overcome these issues when using direct infusion ‘shotgun’ MS14,
identification, structural characterization and quantitative analysis has been accomplished
using neutral loss and precursor ion MS/MS scans in triple quadrupole mass
spectrometers15,16, or product ion MS/MS scans in an ‘ion mapping’ mode in high
resolution quadrupole time-of-flight mass spectrometers17. However, the throughput of
these approaches can be limited as individual scans are required for the analysis of each
different lipid class or precursor ion m/z value. Alternatively, liquid chromatography (LC)
may be employed for the separation of lipids prior to MS and/or MS/MS analysis18,
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resulting in less complex spectra and potentially enabling the separation of individual lipids
with the same nominal or exact m/z values. However, the analysis times associated with
these approaches can be relatively slow, and the quantitation of individual lipids can be
compromised in complex mixtures19.

The recent development of ultra-high resolution/accurate mass analyzers based on FT-ICR
or Orbitrap platforms has opened the door to performing high-throughput direct infusion
‘shotgun’ mass spectrometry for the simultaneous analysis of multiple lipid classes, without
need for prior separation and reduced need for extensive MS/MS analysis20. Ultra-high
resolution (≥100,000) provides the ability to separate lipid ions with the same nominal m/z
values, with substantially improved signal-to-noise and dynamic range for the detection of
low abundance lipid species compared to lower resolution instruments. However, the
resolution of isobaric mass lipid ions remains an issue. One approach to overcome this issue
has been to perform multistep lipid extractions to separate apolar lipids from polar lipids20.
However, this requires additional extraction steps which could result in increased
experimental error for subsequent quantitative analysis. Negative ion mode MS can be used
to eliminate the possibility of m/z overlap for certain lipids. However, the ionization
efficiency of many lipid classes in negative ionization mode can be much lower than in
positive ionization mode unless different solvent systems are used20, potentially limiting the
ability to identify lipids present at trace abundances using this method alone. Furthermore,
some lipids that have different molecular elemental compositions can yield ions with the
same ionic elemental compositions in negative ionization mode, depending on the ionic
adduct that is formed upon ESI-MS (e.g., PC(32:2)+Acetate]− = [PS(36:1)-H]− and
[PC(32:2)+Formate]− = [PS(35:1)-H]−). Finally, while differentiation of isobaric mass
plasmenyl- and plasmanyl-ether containing glycerophospholipids can be achieved using
CID-MS321, the practical application of this approach for the analysis of very low abundant
species is quite limited. Thus, further developments are required in order for ultra-high
resolution/accurate mass spectrometry to become more generally applicable for use in
quantitative lipidome profiling.

Materials and Methods
Lipid Extraction

Extraction of lipids from 2×107 SW480 and SW620 lyophilized cells was performed using a
modified Folch method, as previously described22,23. Stock solutions were prepared by
dissolving crude lipid extracts in 600μL of 4:2:1 IPA/MeOH/CHCl3. Immediately prior to
ESI-MS analysis, 5μL of each stock lipid extract, and 10μL each of 10μM PC(14:0/14:0) and
PE(14:0/14:0) and 3.25μL PS(14:0/14:0) internal lipid standards were dried under a stream of
nitrogen, then re-dissolved in 200μL of 4:2:1 IPA/MeOH/CHCl3 containing either 20mM
ammonium acetate or 20mM ammonium formate.

Derivatization of aminophospholipids with d6-S,S′-
dimethylthiobutanoylhydroxysuccinimide ester (d6-DMBNHS)

5μL of the stock lipid extract, 10μL each of 10μM PC(14:0/14:0) and PE(14:0/14:0) and 3.25μL
PS(14:0/14:0) were dried under a stream of nitrogen, then redissolved in 40μL of 39:1.1
CHCl3 containing 0.0125M TEA and vortexed for 30sec. 1μL of 0.0125M d6-DMBNHS24

in DMF was then added to the lipid mixture and vortexed for 30min. The reaction was
quenched by drying under a stream of nitrogen then re-dissolved in 200μL 4:2:1 IPA/
MeOH/CHCl3 containing 20mM ammonium formate for immediate analysis by ESI-MS.
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Mild acid hydrolysis of plasmenyl-ether containing lipids
Following derivatization with d6-DMBNHS as described above, then drying under N2, 40μL
of 80% formic acid in 4:2:1 IPA/MeOH/CHCl3 was added to the sample and allowed to
react for 1min. The solvent was then immediately evaporated under reduced pressure and
samples were re-dissolved in 200μL 4:2:1 IPA/MeOH/CHCl3 containing 20mM ammonium
formate for immediate analysis by ESI-MS.

Mass Spectrometry Analysis
Samples (n=5 replicates) were introduced into a high resolution / accurate mass Thermo
Scientific model LTQ Orbitrap Velos mass spectrometer (San Jose, CA) using an Advion
Triversa Nanomate nano-electrospray ionization (nESI) source (Advion Ithaca, NY). Mass
spectra were acquired in positive and negative ionization modes using the FT analyzer
operating at 100,000 resolving power. Assignment of the molecular lipid compositions25 of
selected ions from the underivatized sample was achieved using Higher-Energy Collision
Induced Dissociation (HCD-MS/MS) and/or ion trap CID-MS/MS and -MSn. Further details
are available in the attached Supplemental Information.

Data Analysis
Lipid identification (i.e., assignment of the lipid headgroup, the nature of the linkage of the
hydrophobic tails (i.e., diacyl versus alkyl or alkenyl) and the total number of carbons and
degree of unsaturation) and relative quantification was performed using the Lipid Mass
Spectrum Analysis (LIMSA) v.1.0 software linear fit isotope correction algorithm26, in
conjunction with an ‘in-house’ developed database of hypothetical lipid compounds for
automated peak finding and correction of 13C isotope effects. Further details are available in
the attached Supplemental Information.

Results
‘Shotgun’ high resolution/accurate mass spectrometry and functional group specific
chemical modification for comprehensive lipid identification

The mass spectra (m/z 600–1000) obtained following positive ionization mode ESI-MS
analysis of the crude lipid extracts from the primary CRC cell line, SW480, and its isogenic
metastatic derivative, SW620, are shown in Figures 1A and 1B, respectively. The addition
of 20 mM ammonium formate to the spray solution was found to provide an approximately
two-fold increase in ion abundance in positive ion mode compared to the use of 20 mM
ammonium acetate (data not shown); therefore, ammonium formate was employed for all
the results shown herein. A number of qualitative differences in the presence and/or
abundance of several ions between the SW480 and SW620 cell lipid extracts are
immediately apparent. For example, the ion at m/z 746.6055 and numerous ions within the
m/z range of 800–920 have all increased in abundance between the SW480 and SW620
extracts, relative to that of the internal standard PC(14:0/14:0) lipid, while the ion at m/z
760.5861 has decreased in abundance.

Based on the high resolution performance and accurate mass values obtained using the
Orbitrap, the sum compositions25 of the glycerolipid, sphingolipid, cholesterol, cholesterol
ester and PI lipid ions, including (i) assignment of the head group identities, (ii) the nature of
their hydrophobic chain linkages (i.e., diacyl versus plasmanyl- or plasmenyl-ether) and (iii)
the total number of carbons and double bonds that were present within their hydrophobic
chains, could be automatically assigned by in silico comparison with the calculated masses
of a database of hypothetical lipid compounds, using the LIMSA software (Table 1 and
Supplemental Tables 1–15). For example, m/z 850.7857 in Figure 1A was assigned as the
ammonium ion adduct of a TG(50:1) lipid (calculated m/z 850.7858), with the experimental
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and calculated m/z values differing by only 0.0001 Da (0.08 ppm). For saturated plasmanyl-
ether containing lipids, assignment of the lipid identity was also straightforward, while for
ether linked lipids containing at least one site of unsaturation, assignment of lipid identity
was more complicated as these could overlap in exact mass with plasmenyl-ether containing
lipid ions with the same total number of carbons but one less site of unsaturation.

The sum compositions of PC, PE, PA, lipid species could also not be assigned directly from
their accurate mass values alone, due to the possibility of exact mass overlap between
protonated PE lipid ions with the ammonium ion adducts of PA lipids containing 2
additional carbons and 1 additional double bond, as well as with odd-numbered chain length
protonated PC ions containing 3 additional carbons. (e.g. m/z 744.5545 in Figure 1A, could
be [PC(33:2)+H]+ and/or [PE(36:2)+H]+ and/or [PA(38:3)+NH4]+; calculated exact m/
z=744.5537). Similarly, protonated PS lipids can also overlap in exact mass with the
ammonium ion adducts of PG lipids containing 2 additional double bonds.

The presence of unsaturated PC, PE and PA, or PS and PG phospholipids containing
plasmanyl- or plasmenyl-ether linkages introduces even greater complexity. For example,
m/z 744.5904 in the inset to Figure 1A could be assigned as [PC(P-34:1) and/or
PC(O-34:2)+H]+ and/or [PE(P-37:1) and/or PE(O-37:2)+H]+ and/or [PA(P-39:2) and/or
PA(O-39:3)+NH4]+, while m/z 748.5487 could be assigned as [PS(P-34:0) and/or
PS(O-34:1)+H]+ and/or [PG(P-34:2) and/or PG(O-34:3)+NH4]+. Note that shoulders can be seen
on the low m/z side of the ions at m/z 748.5852 and 748.6202, which correspond to the M+2
isotope peaks of the m/z 746.5707 and 746.6055 ions, respectively. Although these ions
cannot be fully resolved at the 100,000 mass analyzer resolving power available on the mass
spectrometer employed in this study, their presence does not impede either the assignment
of lipid identities, or their quantification using the LIMSA software.

To overcome the limitations associated with the identification of isobaric PC, PE and PA, or
PS and PG lipids, as well as to enable the differentiation of plasmanyl- and plasmenyl-ether
lipid containing ions, a sequential chemical modification strategy involving selective amino-
functional group derivatization of PE and PS lipids, followed by selective mild formic acid
hydrolysis of plasmenyl-ether containing lipids, was developed. A particular advantage of
this approach is that no additional sample extraction steps are required, with only a minimal
increase in sample handling, thereby minimizing the possibility of increased sample
handling related variances for subsequent quantitative analysis. Derivatization with the
‘fixed’ charge sulfonium ion containing reagent, d6-DMNBHS, shifts the m/z values of the
amino functional group containing PE and PS ions by 136.0829 mass units, thereby
separating them from PC or PA and PG lipid ions, respectively, allowing the headgroups
and total number of carbons and double bonds within the ions from each lipid class to be
individually assigned and quantified. A range of derivatization reagents and techniques have
previously been employed to improve ionization efficiency, facilitate quantitation, or
enhance the structural characterization of lipids using ESI-MS and -MS/MS strategies27–32.
For example, Han et al described a method involving 9-fluorenylmethoxylcarbonylchloride
(Fmoc-Cl) derivatization of PE and lysoPE lipids in extracts from mouse retinas to provide
enhanced sensitivity for their identification and quantification in negative ion mode MS and
MS/MS31. Zemski Berry et al. reported a similar strategy involving isotopically labeled N-
methylpiperazine acetic acid NHS ester29 or 4-(dimethylamino)benzoic acid NHS ester30

reagents for the quantitative analysis of diacyl, ether, and plasmalogen PE lipids in a RAW
264.7 macrophage cell line. Of particular relevance to the work described herein, Han et al.
noted an additional significant benefit of derivatization, i.e., that PE species are shifted in
mass from the region of the mass spectrum where they could potentially overlap in nominal
mass with other lipid classes (e.g., phosphatidylinositol), thereby facilitating the
quantification of both species31.
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The completeness of the d6-DMNBHS derivatization reaction performed here was
demonstrated to be greater than 95%, by monitoring for the disappearance of the MS
precursor ion abundances from the PE(14:0/14:0) and PS(14:0/14:0) internal standards. An
overall uniform decrease in absolute abundance of non-derivatized lipids of approximately
30% was observed after the d6-DMNBHS derivatization reaction, presumably due to the
presence of the excess derivatization reagent causing some ionization suppression in the
sample. The d6-containing DMBNHS reagent was used in order to minimize the possibility
of overlap with other ions that may be present within the m/z range where the derivatized PE
and PS lipids. However, at the 100,000 mass resolving power available using the Orbitrap,
the m/z of some low mass d6-DMBNHS derivatized PE lipids can partially overlap with the
m/z values of high mass PC lipids, such that the LIMSA data analysis software is unable to
differentiate between these ions. In these instances, the PC ion abundances determined from
the underivatized sample were manually subtracted from the d6-DMBNHS derivatized ion
abundances prior to quantification of the PE lipids. A13C-labeled DMBNHS reagent, for
which no overlap can occur, is planned for use in future studies to fully overcome this issue.

The mass spectrum obtained following d6-DMNBHS derivatization of the SW480 cell line
crude lipid extract is shown in Figure 2A. It can be seen that several ions have either
disappeared or reduced in abundance, or have appeared in the higher m/z range compared to
the underivatized spectrum in Figure 1A, indicative of the presence of derivatized PE and PS
lipids.

For example, the ions at m/z 748.5279 and m/z 748.5487 in Figure 1A are not present in
Figure 2A (see an expanded m/z range of the spectrum in Supplemental Figure S1A). This,
together with the appearance of the corresponding d6-DMBNHS derivatized ions at m/z
884.6104 and 884.6316, respectively (compare the inset to Figure 2A with the expanded m/z
range of the underivatized spectrum in Supplemental Figure S2) allows these two ions to be
assigned exclusively as containing [PE(P-38:6) and/or PE(O-38:7)+H]+ and [PS(P-34:0) and/or
PS(O-34:1)+H]+ lipids, respectively. Similarly, m/z 744.5545, that was observed to almost
(but not completely) disappear upon derivatization, and the derivatized ion appearing at m/z
880.6366, indicated the presence of a major [PE(36:2)+H]+ lipid (along with a minor
[PC(33:2)+H]+ and/or [PA(38:3)+NH4]+ lipid). In contrast, m/z 746.5707 was observed to
decrease in relative abundance by only approximately 30% upon derivatization
(Supplemental Figure S1A), with a corresponding derivatized ion appearing at m/z
882.6520, indicating the presence of both [PE(36:1)+H]+ and the isobaric mass [PC(33:1)+H]+

and/or [PA(38:2)+NH4]+ lipids at this m/z value.

Typically, odd-numbered chain length fatty acyl-containing lipids in mammalian systems
are considered to be relatively low in concentration compared to even chain fatty acyls33.
Note, however, that low concentration odd-numbered-chain length protonated PC lipids
could result in the formation of highly abundant ions at the same m/z as even chain length
ammonium adducts of PA lipids, due to the substantially different electrospray ionization
potentials for these species in positive ionization mode. Furthermore, the presence of
abundant odd-numbered carbon fatty acyl-containing phospholipids have recently been
reported in lipidomic analyses of macrophages and other human tissue and cell extracts34.
Here, the presence of odd-numbered chain length PC lipids was first confirmed by ESI-MS
HCD-MS/MS in positive and negative ion modes. Then, to determine the relative
contributions of overlapping even chain PA ions with odd-numbered chain length PC ions at
a given m/z value in positive ion mode, the lipid extracts were also analyzed by negative
ionization mode high resolution/accurate mass ESI-MS, where no overlap of PA lipids with
other lipid species can occur. By measuring the ratio of the positive and negative ion mode
abundances for a series of PA lipid standards, an appropriate correction factor could be
applied to the positive ion mode abundances. After performing this correction, with the
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exception of four cases in which both even-numbered chain length PA and odd-numbered
chain length PC ions were found to be present (and when overlap was possible), only the
odd-numbered chain length PC lipids were observed. For example, m/z 748.5853 in
Supplemental Figure S1A, could be exclusively assigned as containing [PC(33:0)+H]+ rather
than [PA(38:1)+NH4]+.

Although the d6-DMNBHS derivatization reaction allowed the PE lipid containing ions to
be effectively resolved from PC and/or PA, and the PS lipid containing ions to be resolved
from PG, the differentiation of isobaric unsaturated plasmanyl-ether and plasmenyl-ether
containing lipids could not be achieved using this strategy alone. Murphy et al. previously
demonstrated that plasmenyl lipids could be selectively acid hydrolyzed by extraction in a
0.2N HCl solution35. However, this requires an additional liquid-liquid extraction step prior
to analysis, which may result in increased sample loss or variance for subsequent
quantitative analysis. In contrast, we determined here that 80% formic acid can also be used
to selectively and completely hydrolyze plasmenyl-ether containing lipids, without
degradation of diacyl or plasmanyl-ether lipid containing species, and without requirement
for additional extraction steps prior to analysis. The mass spectrum obtained following
formic acid hydrolysis of the d6-DMNBHS derivatized SW480 extract is shown in Figure
2B. The ion at m/z 746.6057 in Figure 2A, potentially containing [PC(O-34:1)+H]+ and/or
[PC(P-34:0)+H]+ lipids, underwent essentially no change in abundance after formic acid
treatment, and therefore could be assigned as exclusively containing a [PC(O-34:1)+H]+

plasmanyl-ether lipid. In contrast, m/z 884.6104 in Figure 2A, potentially containing
[PE(O-38:7)+d6-DMBNHS+H]+ and/or [PC(P-38:6)+d6-DMBNHS+H]+ lipids, had completely
disappeared upon hydrolysis, and could therefore be assigned as containing the PE(P-38:6)
plasmanyl-ether lipid.

Enhanced PE and PS lipid ionization sensitivity upon derivatization with d6-DMNBHS
Along with the ability to resolve PE lipids from PC and PA, and PS lipids from PG,
derivatization with the d6-DMBNHS reagent provides an additional benefit of significantly
increasing PE and PS lipid ionization efficiencies, thereby enhancing the dynamic range for
their detection and quantification. For example, m/z 748.5487 ([PS(O-34:1)+H]+) had an
intensity of 1.26E3 in the underivatized spectrum in Figure 1A, (note that this ion is present
at a relative abundance of only 0.05% compared to the most abundant ion), but yielded a
derivatized ion (m/z 884.6316) in Figure 2A with an intensity of 2.99E3. Overall, the
average fold change increase in intensity after derivatization was found to be 3.31 ± 0.37 for
the PS lipids and 6.08 ± 0.39 for the PE lipids. These results are similar to those previously
reported using other aminophospholipid derivatization strategies30–32, as well as to those
results recently reported from use of the DMBNHS reagent to enhance the ionization
sensitivity of derivatized phosphopeptides during RP-HPLC-ESI-MS36. Notably, the
increased ion abundances observed from the d6-DMBNHS derivatized reaction allowed
numerous PE and PS lipids to be identified that otherwise would have been too low in
abundance to assign from the underivatized spectrum.

Quantification of Changes in Lipid Abundances between SW480 and SW620 cell lines
The combination of high-resolution/accurate mass, d6-DMBNHS derivatization and formic
acid treatment resulted in assignment of the sum compositions for 354 and 368 lipid
containing ions from the SW480 and SW620 cell lipid extracts, respectively (Table 1), in
terms of their individual headgroup identities and the total number of carbons and double
bonds within the acyl, plasmanyl and/or plasmenyl chains. The abundances of the ions
corresponding to each assigned lipid were then expressed as a percentage of the total ion
abundance for a given lipid class, to allow quantitative comparison between the SW480 and
SW620 cell lines.
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Figures 3 and 4 show the changes observed in individual PC and PE lipid % ion abundances,
respectively, between the d6-DMBNHS derivatized SW480 and SW620 cell lipid extracts,
for all ions whose abundances were found to be greater than 0.1% of the total ion abundance
in each lipid class. Numerous statistically significant changes (p<0.01) were observed
between the two cell lines, most notably with respect to increases in the abundances of
plasmanyl-ether containing PC lipids between the SW620 and SW480 cell crude lipid
extracts, and a corresponding decrease in the abundance of their diacyl counterparts (e.g.,
PC(O-34:1) at m/z 746.6058 versus PC(34:1) at m/z 760.5850) (Figure 3A). The % total ether-
linked PC ion abundance (corresponding to approximately 30% of the total PC lipid ion
abundance) increased by approximately 50% percent (Figure 3B), whereas the % total PC
ion abundance compared to the total ion abundance for all identified lipids increased to only
a small extent (Figure 3C). A similar significant increase was observed in the abundance of
the major plasmanyl-LPC lipid present in the lipid extracts i.e., LPC(O-16:0)), along with an
overall increase in the % total LPC ion abundance between the SW620 and SW480 cells
(Supplemental Figure S3). Note that while we compare here the % total ion abundances for
the various lipid classes compared to the total ion abundance for all identified lipids, these
do not reflect the actual lipid concentrations as the ionization efficiency of individual lipid
classes are very different from each other. However, it is useful to include these values in
order to demonstrate the wide dynamic range of the Orbitrap mass spectrometer for the
detection of lipid classes observed at very low ion abundances (see below).

Numerous statistically significant changes in PE lipid ion abundances were also observed
between the d6-DMBNHS derivatized SW480 and SW620 cells (Figure 4A). In contrast to
the PC lipids, an increase in the % abundance of diacyl-PE lipid containing ions was
generally observed, with a corresponding decrease in the % ion abundance of plasmenyl-
and plasmanyl-ether containing PE lipids, particularly for shorter chain length species (e.g.,
the d6-DMBNHS derivatized PE(P-34:1) and PE(O-34:2) lipids at m/z 838.6261, PE(P-32:1) at
m/z 810.5948 and PE(O-34:1) at m/z 840.6417). Similar changes were also observed for the
LPE lipids (Supplemental Figure S4). Decreases in the % total ether-linked PE ion
abundance compared to the total PE lipid ion abundance (Figure 4B), as well as the % total
PE ion abundance compared to the total ion abundance for all identified lipids (Figure 4C),
were also observed. Finally, the abundance of odd-numbered chain length PC and PE lipid
species (diacyl, plasmanyl and plasmenyl), as well as odd-numbered chain length LPE lipid
species, were all observed to significantly decrease in abundance between the SW480 and
SW620 cells.

It has been known for some time that elevated levels of glycerol alkyl ethers and alkyl-
phosphoglycerides are present in neoplastic human tissues when compared to normal
tissues37. Howard et al. have suggested that a correlation exists between the rate of tumor
growth and the glyceryl-ether content in phospholipids, and ether-lipid levels have been
shown to be at higher concentrations in cells that are more rapidly growing than other cells
observed38. This, along with previous reports of a correlation between increased plasmanyl-
PC and decreased plasmenyl-PE lipid levels with malignancy and metastatic potential in
various other cancers3,5,6,11,12, are consistent with our findings, given that the SW620 cells
were derived from a lymph node metastatic tumor, which is more proliferative than the
primary adenocarcinoma SW480 cell line. Although the functional role of changes in ether-
lipid metabolism, and particularly plasmanyl-lipids, in malignancy and metastasis are still
poorly understood, it is well established that changes in the physical properties of the
cellular membrane as a function of its plasmalogen lipid composition may play an important
role in regulating cell growth, fusion, intracellular transport and signal transduction, and
may also influence the sensitivity of cells to certain forms of therapy39.
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Quantitative analysis of the TG lipids (Figure 6) revealed a dramatic increase in the total %
TG ion abundance in the SW620 cells, along with similar trends in changes to the % ion
abundances of individual monoether-linked (primarily plasmanyl) and triacyl-TG lipids as
those observed for the PC lipids (e.g., increased TG(O-48:0), TG(O-50:1) and TG(O-50:0) and
correspondingly decreased TG(48:0), TG(50:1) and TG(50:0)). Notably, numerous long chain
length TG lipids (>56 total carbons) were observed exclusively in the SW620 cell lipid
extract. Consistent with the other lipid classes (except PS), odd-numbered chain length TG
lipids decreased in abundance in the SW620 cells. The increase in overall TG species
(including ether-linked TG lipids that are the likely source of the increase in ether-linked
phospholipids in the SW620 cells) is likely due to increased de novo fatty acid synthesis in
malignant cells which is used to supply the membrane with fatty acids for increased
proliferation40. Increases in ether-linked TG content has previously been correlated with
malignant and metastatic rat liver41 and mammary tissue42 and in malignant hepatocellular
carcinoma tissues compared to normal human liver43.

The results obtained for the PA, PS, LPS, PG and PI lipids are shown in Supplemental
Figures S5–S9, respectively. An overall significant increase in the % total ether-linked
(primarily plasmanyl) PA ion abundance compared to the total PA lipid ion abundance was
observed between the SW480 and SW620 cells, whereas the % total PA ion abundance
underwent a significant decrease. There was an increase in the % total ion abundance of
both PS and PG lipids in the SW620 compared to the SW480 cells, as well as an increase in
% total ether-linked PS ion abundance. No ether-linked or odd-numbered chain length
species were observed for the PG lipids. The most abundant LPS lipid in the SW480 cells
(d6-DMBNHS derivatized LPS(19:0), m/z 676.4125) underwent a significant decrease in
abundance, following the trend observed for the other phospholipids. However, significant
increases in the % ion abundance of multiple odd-numbered chain length PS species were
observed in the SW620 cells compared to the SW480 cell extract, in contrast to the other
phospholipids and glycerolipids determined here. Interestingly, ether-linked PI lipids were
only observed in the SW480 cells.

The results obtained from quantitative analysis of the DG and MG lipids are shown in
Supplemental Figures S10 and S11. Small increases in total DG and MG lipid ion
abundances were observed between the SW620 and SW480 cells. For individual DG lipids,
the most obvious difference arose from a decrease in DG(32:0) and an increase in DG(34:0).

Significantly decreased SM(42:1) and Cer(42:1) lipid abundances (i.e., SM(d18:1/16:0) and
Cer(d18:1/16:0)) were observed in the SW620 cells, despite an overall increase in SM and Cer
% total ion abundances (Supplemental Figures S12 and S14, respectively). Importantly,
decreased C16-ceramide levels have previously been associated with the resistance of cells
toward activation of apoptotic signaling9. No overall change was found in the level of Chol
(Supplemental Figure S14). However, a dramatic (approximately 80 fold) increase was
observed in the % lipid abundance of Chol esters, which has previously also been reported
in human glioblastomas7.

MS/MS and MS3 structural characterization of individual lipid ions
The above differential quantification was based on the 354 and 368 lipid ions identified
from the SW480 and SW620 cell lipid extracts, respectively, that were initially assigned by
LIMSA in terms of their headgroup and total number of carbons and double bonds present in
the lipid fatty acyl chains. In order to further confirm these assignments, as well as to
identify the individual acyl, plasmanyl and/or plasmenyl chain constituents, a series of CID-
MS/MS experiments were performed. For the lysophospholipids, cholesterol ester and MG
lipids, no further characterization was required, as only one acyl, plasmanyl or plasmenyl
chain can be present (note that we did not attempt to assign the SN-linkage position for these
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species). For the remaining lipid classes containing two or more acyl and/or alkyl chain
substituents, and where various structural isomers in terms of the combinations of carbon
lengths and number of double bonds within each chain may be present (and when the
individual precursor ions were observed at sufficient abundance to allow their isolation),
product ion MS/MS or MS3 spectra were acquired to obtain the additional information
required to assign the molecular lipid species that were present44–46 (Supplemental Tables
1–16). Upon performing HCD-MS/MS and/or CID/HCD-MS3 analysis, characterization of
the head group identity and acyl and/or alkyl chain lengths and degree of unsaturation for
490 lipids in the SW480 cell line and 573 lipids in the SW620 cell line was achieved
(summarized in Table 1 and shown in detail in Supplemental Tables 1–16). Note that
complete structurally defined molecular lipid characterization was not achieved here, as no
information was obtained using these conventional MS/MS approaches to assign the
position(s) of double bond(s) within the fatty acyl and/or alkyl chains. For lipids that were
positively identified from the high-resolution/accurate mass MS spectra (in conjunction with
the additional information provided from the d6-DMBNHS derivatization and formic acid
treatment), but whose intensities were too low to allow for the acquisition of MS/MS and/or
MS3 spectra to assign the molecular lipid species, the identities are shown simply as the total
number of carbons and double bonds, and are included in the column ‘Total Lipids’ in Table
1; 110 ions for the SW480 and 121 ions for the SW620 extracts fall into this category.
Therefore, upon combining both the number of lipids that could be assigned as molecular
lipid species by MS/MS, as well as those that could only be assigned in terms of their sum
compositions, a total of 600 and 694 lipids from the SW480 and SW620 cell extracts,
respectively, were identified from this study.

Although we report here only qualitative identification and quantitative differences in
relative abundances between the SW480 and SW620 cell lines (i.e., we did not attempt to
perform absolute quantification of individual molecular lipid species), the number of lipids
that could be identified using this approach compares very favorably to prior reports in the
literature describing comprehensive cellular lipidomic analysis strategies20,47,48. For
example, global analysis of the Saccharomyces cerevisiae lipidome by quantitative
‘shotgun’ mass spectrometry resulted in the absolute quantification of 250 molecular lipid
species20, while the use of LC-MS based approaches have reported the identification and
quantification of over 500 distinct molecular lipid species distributed among the main lipid
categories from human plasma47, and over 400 major lipid molecular species that showed
dynamic changes from mouse macrophage cells in response to an inflammatory response
and/or a statin drug48.

Conclusions
We have demonstrated here that selective functional group derivatization reactions
combined with high resolution / accurate mass spectrometry can serve as an effective
‘chemical’ separation strategy to resolve isobaric mass lipids from within complex mixtures,
as well as to enhance the ionization sensitivity and detection of low abundance lipid species,
without requirement for chromatographic fractionation or differential extraction steps prior
to analysis. The application of this novel ‘shotgun’ lipidomics approach to identify and
quantify differences in the abundances of >600 lipids in 4 major lipid classes and 36 lipid
subclasses from the isogenic SW480 and SW620 CRC cell lines, represents the most
comprehensive ‘global’ lipidome analysis performed to date to monitor differences between
isogenic primary and metastatic CRC cells. The results obtained may provide important new
insights into the role of aberrant lipid metabolism in the onset and progression of CRC.
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Figure 1.
Positive ion mode ESI high-resolution mass spectrometric analysis of crude lipid extracts
from the human adenocarcinoma cell lines (A) SW480 and (B) SW620. An internal standard
lipid PC(14:0/14:0) was included to enable relative quantification of the observed lipid
species, while the internal standard lipids PE(14:0/14:0) and PS(14:0/14:0) (not labeled) were
included to allow completion of subsequent reaction with d6-DMBNHS to be monitored.
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Figure 2.
Positive ion mode ESI high-resolution mass spectrometric analysis of a crude lipid extract
from the SW480 human adenocarcinoma cell line, obtained (A) after reaction with the
amine-specific derivatization reagent, d6-DMBNHS, and (B) after reaction with d6-
DMBNHS followed by mild formic acid hydrolysis.

Fhaner et al. Page 14

Anal Chem. Author manuscript; available in PMC 2013 November 06.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 3.
Quantification of PC lipids from the d6-DMBNHS derivatized SW480 and SW620 cell
crude lipid extracts. (A) Percent individual PC ion abundances compared to the total ion
abundance for all PC lipids. (B) Percent total ether-linked PC ion abundance compared to
the total PC lipid ion abundance. (C) Percent total PC ion abundance compared to the total
ion abundance for all identified lipids. n=5, *=p<0.01.
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Figure 4.
Quantification of PE lipids from the d6-DMBNHS derivatized SW480 and SW620 cell
crude lipid extracts. (A) Percent individual PE ion abundances compared to the total ion
abundance for all PE lipids. (B) Percent total ether-linked PE ion abundance compared to the
total PE lipid ion abundance. (C) Percent total PE ion abundance compared to the total ion
abundance for all identified lipids. n=5, *=p<0.01.
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Figure 5.
Quantification of TG lipids from the d6-DMBNHS derivatized SW480 and SW620 cell
crude lipid extracts. (A) Percent individual TG ion abundances compared to the total ion
abundance for all TG lipids. (B) Percent total ether-linked TG ion abundance compared to
the total TG lipid ion abundance. (C) Percent total TG ion abundance compared to the total
ion abundance for all identified lipids. n=5, *=p<0.01.
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