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Abstract

Glioblastoma (GBM) is the most common adult primary brain tumor. Despite aggressive
multimodal therapy, the survival of patients with GBM remains dismal. However, recent evidence
has demonstrated the promise of bone marrow-derived mesenchymal stem cells (BM-hMSCs) as a
therapeutic delivery vehicle for anti-glioma agents, due to their ability to migrate or home to
human gliomas. While several studies have demonstrated the feasibility of harnessing the homing
capacity of BM-hMSCs for targeted delivery of cancer therapeutics, it is now also evident, based
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on clinically relevant glioma stem cell (GSC) models of GBMs, that BM-hMSCs demonstrate
variable tropism towards these tumors. In this study, we compared the lipid environment of GSC
xenografts that attract BM-hMSCs (N=9) with those that do not attract (N=9), to identify lipid
modalities that are conducive to homing of BM-hMSC to GBMs. We identified lipids directly
from tissue by matrix-assisted laser desorption/ionization (MALDI) imaging mass spectrometry
(IMS) and electrospray ionization-tandem mass spectrometry (ESI-MS/MS) of lipid extracts.
Several species of signaling lipids, including phosphatidic acid (PA 36:2, PA 40:5, PA 42:5, and
PA 42:7) and diacylglycerol (DAG 34:0, DAG 34:1, DAG 36:1, DAG 38:4, DAG 38:6, and DAG
40:6) were lower in attracting xenografts. Molecular lipid images showed that PA (36:2), DAG
(40:6), and docosahexaenoic acid (DHA) were decreased withintumor regions of attracting
xenografts. Our results provide the first evidence for lipid signaling pathways and lipid-mediated
tumor inflammatory responses in the homing of BM-hMSCs to GSC xenografts. Our studies
provide new fundamental knowledge on the molecular correlates of the differential homing

capacity of BM-hMSCs toward GSC xenografts.
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Glioblastoma (GBM, World Health Organization (WHQO) grade 1V astrocytoma) is the most
common (1-2) adult primary brain tumor, with a median survival rate of 14-15 months (2-4).
Despite advances in treatment and an aggressive multimodal therapeutic approach including

maximal surgical resection, followed by concurrent chemotherapy, radiotherapy, and

adjuvant chemotherapy, the disease is nearly universally fatal. This poor outcome is largely
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due to poor penetration of therapeutic agents across the blood-tumor barrier (5-6) and
resistance of glioma stem cells (GSCs) to standard treatments. We and others have shown
that bone marrow-derived human mesenchymal stem cells (BM-hMSCs) show promise in
addressing this deficiency because they selectively migrate or home to gliomas after
systemic or intravascular delivery, making them attractive vehicles for targeted therapeutic
delivery of anti-glioma agents (6-12). In fact, due to their intrinsic tropism towards gliomas,
BM-hMSCs have been used to deliver immunotherapy (6-8), enzymes for chemotherapeutic
pro-drugs (11), and oncolytic viruses (10) to human gliomas in animal models. However,
despite the potential clinical application of BM-hMSCs in glioma therapy, the mechanism
underlying the ability of BM-hMSCs to home to gliomas remains largely unknown.
Deciphering this mechanism is not only of biological interest, but could be exploited also to
identify the most appropriate patient groups for BM-hMSC-mediated delivery or to enhance
the homing of BM-hMSCs to GBMs.

We have recently shown that in addition to the commonly used “professional” glioma cell
lines, BM-hMSC:s are also capable of homing to xenografts derived from human GSCs (13).
Compared to commercially available rat and human glioma cell lines, which poorly mimic
clinical tumors, GSCs faithfully recapitulate the genotype and phenotype of human GBMs /n
vivo (14) and therefore, offer a more clinically relevant model with high translational
significance. Like cancer stem cells from many other tumors, GSCs, which are isolated
directly from fresh surgical specimens of patient gliomas, represent a sub-population of cells
in GBMs that have stem-like properties, including self-renewal (15-16). GSCs grow as
spheroids /n vitro and often express CD133 or CD15 on their surface (16-17). Most
importantly, GSCs form tumors that mimic human GBMs when injected in small numbers
(100-1000 cells) into the brains of athymic mice and are therefore thought to be the tumor-
initiating cells that are often resistant to therapy and responsible for treatment failure
(16-17).

Although xenografts formed from GSCs are capable of attracting BM-hMSCs, recent work
from our group has indicated that not all GSC xenografts are capable of attracting BM-
hMSCs equally (13). In our studies of a large group of GSCs we found that intracranial
xenografts of some GSCs were capable of strongly attracting BM-hMSCs after intracarotid
injection (GSC17, GSC274, GSC268), whereas others showed a more limited capacity to
attract BM-hMSCs (GSC11, GSC229, GSC231). The identification of “attractor” GSCs and
“non-attractor” GSCs is not only of therapeutic importance, but provides a unique model for
understanding the mechanisms underlying the tropism of BM-hMSCs toward GSCs.
Evidence suggests that intravascularly-delivered BM-hMSCs extravasate from the blood
vessel endothelium via diapedesis in order to localize to the tumor mass (10). Extravasation
is a complex multi-step process whereby cells within blood vessels migrate in response to
soluble factors released from sites of inflammation and/or tissue damage. Lectins on the
endothelial surface recognize and bind carbohydrates on glycolipids or glycoproteins on the
opposing cell surface, inducing rolling adhesion of circulating cells. Complementary pairs of
adhesion molecules on opposing cell surfaces mediate the strengthening of this interaction.
Next, the cells begin the process of squeezing between the endothelial cells (diapedesis) that
comprise the blood vasculature and migrate throughout the tumor parenchyma (10).
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Several studies, focused on tumor-derived growth factors and cytokines, such as TGF-f (13),
PDGF-BB (18), and SDF-1 (19), have provided clues about soluble factors that mediate
BM-hMSC homing to gliomas. However, knowledge of lipids as molecular correlates of
GSC xenograft differential homing of BM-hMSCs is lacking. Lipids are not only crucial to
the maintenance of cellular structure, but are also important in signal transduction as second
messenger molecules. The main structural components of the biological membranes,
different classes of lipids and saturations can significantly modulate membrane fluidity,
impacting membrane-dependent cellular functions (20-21). Lipids as signaling molecules
can act independently (e.g. as receptor ligands) or in conjunction with proteins through
structural-functional modulation (22-23). Alterations in lipids are strongly correlated with
cancer and other human diseases (e.g. Alzheimer's disease) (24-25). Changes in lipid
metabolism may influence biological processes, including growth, proliferation, invasion,
and energy homeostasis through lipid signal transduction pathways (24). In glioma, this
becomes especially relevant because the location of these tumors, the brain, contains the
highest lipid content of any organ in the body. Lipids are critical in cell-to-cell
communication in the brain and can act as inflammatory mediators. Given the diverse role of
lipids in biological systems, we hypothesized that alterations of lipids between attractor and
non-attractor GSCs may provide insight into the elements within the tumor environment that
are favorable to or elicit cues for BM-hMSC homing. Consequently, we applied high
throughput ESI-MS/MS and MALDI-IMS approaches to identify inherent underlying
differences in lipid profiles between those tumors that attract BM-hMSCs (attractors) and
those that do not (non-attractors).

We have previously performed lipidomic analysis of GSCs and GBM cells (26-27). For the
first time, we have applied lipidomics and MALDI-IMS to GSC xenografts. We employed
quantitative lipidomics and matrix-assisted laser desorption/ionization imaging mass
spectrometry (MALDI-IMS) from thin tissue sections. Lipidomic analysis by electrospray
ionization-tandem mass spectrometry (ESI-MS/MS) allows for the identification and
quantification of lipid species (28-29), while MALDI-IMS permits localization and
identification of lipid biomolecules withinthe GSC xenograft tissue. This technology allows
direct detection of ionized analytes by rastering a laser across matrix-coated tissue in an
ordered array. Each x-y coordinate contains a spectrum of lipid biomolecular ions. The
combination of x-y coordinates with signal intensity produces an image representing an /n
situ molecular-histological map (30). The added advantage to this technology is the minimal
sample processing, which preserves the integrity of the tissue and its compatibility with
other imaging modalities (31).

Using this approach we now detected both global and tumor-specific differences in signaling
lipids phosphatidic acid (PA 36:2, PA 40:5, PA 42:5, and PA 42:7) and diacylglycerol (DAG
34:0, DAG 34:1, DAG 36:1, DAG 38:4, DAG 38:6, and DAG 40:6) in attractor versus non-
attractor GSC xenografts. Finally, our data reveals decreased levels of docosahexaenoic acid
(DHA) in attractors. Taken together, these results implicate phospholipid signaling and lipid-
mediated inflammation in BM-hMSCs homing.
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Methods and Materials

Chemicals and reagents

Animals

LC-MS grade acetonitrile, methanol, and water were from J.T. Baker (Philipsburg, NJ). 2,5
dihydroxybenzoic acid (DHB) xylene, and ammonium acetate were obtained from Sigma-
Aldrich (St. Louis, MO). Hematoxylin & eosin was purchased from Amresco (Solon, OH).
Conductive indium tin oxide (ITO) coated glass slides were from Delta Technologies
(Loveland, CO). Docosahexaenoic acid (22:6) lipid standard was purchased from Cayman
Chemical Company.

Male athymic nude mice (nu/nu) were purchased from the Department of Experimental
Radiation Oncology, The University of Texas M.D. Anderson Cancer Center (Houston, TX).
Mice were housed n <5 per cage, on a 12 hr light-dark cycle with food and water ad /ibitum.
Mice were allowed to feed until the time of surgery. All animal work was performed in
accordance with institutional (MDACC) guidelines under Animal Care and Use Committee-
approved protocols and in compliance with the USDA Animal Welfare Act and the Guide
for the Care and Use of Laboratory Animals.

Glioma Xenograft Model

GSCs (GSC17, GSC11, GSC229, GSC231, GSC268, GSC274) were established as
previously described (15-16). Cells were harvested, counted, and resuspended in PBS for
intracranial implantation. GSCs (5 x 10%) were implanted in mice via the screw-guide
method as previously described (32). Each cell line was injected into three mice for a total of
eighteen animals. Based on previous experiment GSCs were classified as “attractors”
(GSC17, GSC274, and GSC268) and “non-attractors” (GSC11, GSC229, GSC231) (13).

Tissue Dissection and Sectioning

MALDI-IMS

Animals were anesthetized by intraperitoneal injection of ketamine/xylazine solution (200
mg ketamine and 20 mg xylazine in 17 ml of saline) at a dosage of 0.15 mg/10 g body
weight and sacrificed by CO, inhalation. Brains were removed immediately and flash frozen
in liquid nitrogen vapor (33) and stored at -80°C. Brain tissue was sectioned at 10 um along
the coronal plane and thaw mounted on I1TO glass slides in a block randomized fashion (34),
ensuring each slide had at least two attractor (GSC xenografts GSC17, GSC274, and
GSC268) and two non-attractor (GSC xenografts GSC11, GSC229, GSC231) sections
derived from different cells and different biological replicates to minimize systemic bias
during instrument run. Slides were stored at -80°C until further analysis by MALDI-IMS.
Serial sections at 15 um were taken at the same time for lipid extraction as previously
described (28-29) and subsequent ESI-MS/MS analysis.

Slides were dried in a vacuum desiccator for 1 hr, then washed with 50 mM ammonium
acetate three times and allowed to dry for 3 hrs /in vacuo. Matrix 2,5 dihydroxybenzoic acid
was applied to slides through sublimation (35). Imaging experiments were acquired in a
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MALDI TOF/TOF mass spectrometer (Ultraflextreme, Bruker Daltonics, Bremen,
Germany) with Flex Control 3.4 and FlexImaging 3.0 (Bruker Daltonics) software. For all
analyses, data were collected at 100 pm lateral resolution with a 1 kHz UV laser (smartbeam
I1) in positive ion mode (500 shots/spot) and in negative ion mode (1,000 shots/spot) over
m/z 200-1600. Imaging data were subsequently processed and analyzed by FlexImaging™
software. lon mass-to-charge ratio (/7/2) and lipid assignments were made through the
LIPID Metabolites and Pathways Strategy Database (LipidMaps http://www.lipidmaps.org)
(36-37). Images were normalized to the total ion current (TIC). Collision-induced
dissociation (CID) fragmentation was to fragment selected lipids. The DHA lipid standard
was spotted on a MALDI plate with DHB (50/50 v/v) and fragmented in negative ion mode
using the same parameters described above (Supplemental Figure S1 and Supplemental
Table 2).

Optical imaging

After MALDI-IMS acquisition and subsequent MS/MS fragmentation, slides were washed
twice (15 sec each) with 100% ethanol to remove matrix. Samples were washed successively
with 95% ethanol, 70% ethanol, and H,O (30 sec each) followed by hematoxylin staining
for 3 min. Next, samples were washed with H,0, 70% then 95% ethanol (30 sec each)
followed by eosin for 1 min. This was followed by 95% and 100% ethanol for 30 sec each
and xylene for 2 min. Xenograft tissues were imaged with a Zeiss Stereomicroscope
SteREO Discovery.VV20 equipped with an AxioCam MRc5 (Carl Zeiss Microscopy, LLC,
Thornwood, NY).

Lipid Extraction and Mass Spectrometric Analysis

Tissue samples were extracted with tert-butyl methyl ether and methanol (28-29) to which
[2Hg]arachidonic acid, [2Hs]phytanic acid, [?H4]hexacosanoic acid, [2H,g]hexadecanedioic
acid [13Cg]palmitic acid, [2H7]cholesterol sulfate, [2Hs]MAG 18:1, [2H3]Carnitine 18:0,
[13C3]DAG 36:2, [2H5] TAG 48:0, [2H31]PtdEtn 34:1, [2Hs4]PtdEtn 28:0, [2H31]PtdCh 34:1,
[2Hs4]PtdCh 28:0, [2Hgo]PtdCh 32:0, [2H31]SM 16:0, [2H31]PtdSer 36:1, [2H31]PA 34:1,
[2Hg,]PG 32:0 were added as internal standards. Glyburide was added as a lock mass.
Extracts were dried by centrifugal vacuum evaporation prior to resuspension in
isopropanol:methanol:chloroform (4:2:1) containing 7.5 mM ammonium acetate. Lipid
analyses were performed by direct infusion in an Orbitrap mass spectrometer (Thermo Q-
Exactive), with successive switching between polarity modes utilizing high-resolution
(140,000 at 200 amu) data acquisition, with < 1 ppm mass accuracy. Washes between
samples with hexane/ethyl acetate (3:2) were used to minimize ghost effects. In negative and
positive ion ESI, the anions and cations, respectively were quantified and lipid identities
validated by MS/MS. Precursor ions were selected at unit mass resolution and product ions
analyzed at high resolution (140,000) utilizing collision cell energies of 10, 25, and 35.

Lipidomic Data Processing and Analysis

Measured lipid abundances were taken as the ratio of lipid peak area to the peak area of an
internal standard corrected for protein concentration. Grubb's test was used to identify and
remove outliers in the dataset. Data presented as mean + SEM with p < 0.05 considered
significant.

J Proteome Res. Author manuscript; available in PMC 2016 June 17.


http://www.lipidmaps.org

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wildburger et al. Page 7

Results

General strategy for mass spectrometric analysis and imaging of lipids

We employed the workflow outlined in Figure 1 to investigate lipid species, which were
differentially expressed in xenograft tumors in the attractor or non-attractor groups, derived
from intracranial implantation of human GSCs (13, 15-16, 32). Tissue slices were obtained
from a total of eighteen xenografts. Slices (15 um) were extracted and analyzed by ESI-
MS/MS (28-29), or MALDI-IMS (10 um) as described in Methods and Materials). \We
obtained quantitative measurements of lipid species with high resolution MS/MS
confirmation of assignments (Supplemental Table 1). The MALDI-IMS technology allowed
for /n situlocalization of lipid species from the lipidomics analysis as intact molecular ions
with confirmation of selected m/zassignments by MS/MS.

Identification of Phosphatidic Acid Alterations

Analysis of lipid extracts from tissue slices detected multiple species of phosphatidic acid
(PA), and quantification of these detected species revealed a subset of PA species PA (36:2),
PA (40:5), PA (42:5), and PA (42:7), that were significantly lower in tumors of the attractor
phenotype compared with the non-attractor phenotype (Fig. 2A). This pattern held true even
for the PA species that did not reach statistical significance (Supplemental Table 1).
Intriguingly, species of lysophosphatidic acid (LPA), the common precursor of PA via the
Kennedy Pathway (38-40), detected and validated by ESI-MS/MS (LPA 16:0, LPA 18:2, and
LPA 18:3) were not statistically different between the two tumor phenotypes (Supplemental
Table 1).

Next, we sought to localize the distribution of the significant PA species by MALDI-IMS in
negative ion mode through inspection of the intact mass of anions. Of the significant PA
species identified by ESI-MS/MS, PA (40:5), PA (42:5), and PA (42:7) did not specifically
localize to the tumor region (data not shown), suggesting that the elevated levels quantified
by ESI-MS/MS represent a global decrease of these species in the attracting xenografts. We
did, however, find that PA (36:2) at 77/2735.4 [M+CI]” was largely depleted in the tumor
area of attractors (Fig. 2B), whereas it was consistently present in the tumor area of non-
attractors (Fig. 2D). Corresponding tissue was stained for hematoxylin-eosin (H&E) to
correlate lipid distribution with histological features (Fig. 2C, E, respectively). To confirm
the PA (36:2) finding, we performed MS/MS analysis of m/z735.4 in the MALDI-TOF/TOF
directly on the tissue. The tissue-derived MALDI-MS/MS analysis of m/z735.4 yielded
product ions consistent with the structure of PA (18:0/18:2) (Fig. 2F and Table 1).

Identification of Diacylglycerol Alterations

ESI-MS/MS of GSC xenograft lipid extracts showed a number of DAG species (DAG 34:0,
DAG 34:1, DAG 36:1, DAG 38:4, DAG 38:6, and DAG 40:6) that were significantly and
differentially expressed between the two tumor phenotypes. All differentially expressed
DAG species were significantly lower in the attractor GSCs compared with non-attractor
GSCs (Fig. 3A). This trend was consistent even for detected DAG species that did not reach
significance (Supplemental Table 1). We analyzed the distribution of the significant DAG
species by positive ion mode MALDI-IMS. Of the significant DAG species (Fig. 3A), DAG
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(34:0), DAG (34:1), DAG (36:1), DAG (38:4), and DAG (38:6) did not consistently localize
to any particular histological region (data not shown). This suggests that the lipid levels
quantified by ESI-MS/MS represent a global decrease of these species in the attractor brains
compared with the non-attractor brains. MALDI-IMS of DAG (40:6), on the other hand, was
absent in the tumor area of attractor xenografts (Fig. 3B) but consistently present at 7/z
707.1 [M+K]* in the tumor area of non-attractors (Fig. 3D). Corresponding tissue was
stained to correlate the MALDI-IMS lipid distribution with histopathological features in a
representative attractor and non-attractor xenograft (Fig. 3C and E, respectively). Performing
MALDI-MS/MS directly from the tissue on the precursor m/z707.1, we were able to obtain
some fragmentation (Supplemental Figure S2) though diacylglycerols are more amenable to
ESI-MS/MS than MALDI-MS/MS. The MS/MS spectrum of m/z707.1 [M+K]™" did reveal a
product ion at /m/z 323.6 which is consistent with the potassiated 18:0 FA at the C-1 (sr+-1)
position (41). This would leave the remaining fatty acyl to consist of C22:6 at either /m/z 385
(22:6 FA cyclized at the glycerol backbone), an energetically favorable reaction, which
forms a six-member ring (41), or /m/z 367 [FA+H+K]" likely at the C-2 (sr-2) position.
However, these ions were not observed in our spectrum do to the difficulty of using MALDI
to fragment DAG as well as the inherent difficulties of fragmenting DHA or DHA-
containing lipids, which ionize better in negative ion mode.

Docosahexaenoic Acid

Docosahexaenoic Acid (DHA) is one of the most abundant polyunsaturated lipids in the
CNS (42-43) and serves as a precursor for bioactive molecules (44-48). Lipid analysis by
ESI-MS/MS data identified DHA as significantly decreased in tumors of the attractor
phenotype (p = 0.046). By MALDI-IMS we found the intact mass of DHA anions, [M-H]
m/z 327.0, to be consistently decreased within the tumor area of attractors compared to non-
attractors. Representative negative ion images of an attractor and non-attractor are shown in
Figure 4 (A and C, respectively) with corresponding H&E staining (Fig. 4B and D,
respectively) outlining the tumor area (b/ue). Quantified relative abundance of DHA from
xenograft tissue using total lipid extract and ESI-MS/MS is shown in Figure 4E. MALDI-
MS/MS fragmentation was performed on the parent anion. The spectrum of m/z 327.0
produced product ions that were consistent with its assignment of DHA (Table 1). The
annotated MS/MS spectrum from the MALDI in negative ion mode confirming the identity
of DHA can be seen in Figure 4F. The assignment was also confirmed with the MS/MS
spectrum from a standard directly spotted on a MALDI plate with DHB (Supplemental
Figure S1).

Discussion

While several studies have demonstrated the feasibility of harnessing the homing capacity of
BM-hMSCs for targeted delivery of cancer therapeutics (6-12), it is now evident, using a
clinically relevant model of glioma, that BM-hMSCs demonstrate variable tropism towards
these tumors (13). We demonstrate that specific lipid species including PA, DAG, and DHA
species are differentially expressed in GSCs that support BM-hMSC homing, compared with
those that do not. To the best of our knowledge, our study is the first to examine lipids in
relation to BM-hMSC homing towards glioma. Our approach included ESI-MS/MS based
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quantitative lipidomics and MALDI-IMS to examine lipid profiles from GSC xenograft
tissue. ESI-MS/MS provided high-resolution, high-mass accuracy quantitative data of lipid
species (Supplemental Table 1). MALDI-IMS allowed visualization of the distribution of
significant lipid species detected by ESI-MS/MS as molecular ions within the tissue;
MALDI-MS/MS on tissue-derived molecular ions was provided.

We were intrigued by the results for phosphatidic acid (PA) and diacylglycerol (DAG) due to
their capacity to act as signaling lipids and their interconnectivity through the Kennedy
Pathway (40). Also of interest were docosahexaenoic acid (DHA), an abundant CNS lipid
and precursor to many bioactive molecules (42-48). All were significantly decreased in the
attractor phenotype (Fig. 2A and 3A, respectively), and this trend remained consistent for
the species of PA and DAG that did not achieve significance in our lipid extract analysis
(Supplemental Table 1). MALDI-IMS analysis demonstrated that of these lipids, PA (36:2)
and DAG (40:6) had histopathological relevance, being absent in the tumor regions of
attractor xenografts compared with the tumor region of non-attractors, where they were
enriched (Fig. 2B-E and Fig. 3B-E, respectively). The DAG (40:6) potassiated molecular ion
fragmentation spectrum suggests that the particular isoform is DHA containing DAG
(22:6/18:0), in which the polyunsaturated fatty acid (PUFA) is located at the sr-1 position.
Typically, but not invariably the sn-1 position will contain a saturated acyl chain and the sr+2
position will be occupied by an unsaturated acyl chain (e.g. PUFA) (49). Several lines of
evidence indicate that the sr-1 position may be occupied by PUFAs (50) including DAG
(22:6/18:0) (51). DHA (22:6) itself was lower in attractors vsnon-attractors (Fig. 4E).
Further investigation by MALDI-IMS demonstrated that, as with PA (36:2) and DAG (40:6),
DHA expression levels correlated histopathologically with the tumor regions. DHA was
largely depleted in the tumor region of attractor xenografts, but highly expressed in the
tumors of non-attractors (Fig. 4A-D).

PA and DAG are multifunctional lipids that not only serve as a precursor to other lipids, but
as biologically active signaling molecules (39, 52). Changes in these lipids may affect
signaling pathways, nuclear signaling, and membrane ultrastructure in diverse and complex
ways (38-39, 23; 53-54). In addition, DAGs are non-lamellar lipids that serve critical
structural functions in the nuclear envelope, nucleoplasmic reticulum, membrane pore
formation, membrane protein fusion, vesicle fusion, and membrane budding (53-54). All
glycerophospholipids are derivatives of PA through DAG (40). Glycerophospholipids are
important structural lipids as the main component of membranes (55-56). However, they
may also affect signal transduction because they serve as reservoirs for signaling lipids via
lipid remodeling at sr-2 (55-56). The overwhelming majority of glycerophospholipids
detected in our dataset were decreased in attractors (Supplemental Table 1), which is
consistent with our measured decreases in the precursors PA and DAG.

Intriguingly, while the detected PA species were consistently lower in the attractors, the lipid
precursor to PA — LPA — was not significantly differentially expressed (Supplemental Table
1). The statistically significant difference in PA levels, but not LPA, suggests that there are
underlying biochemical differences governing lipid metabolism between the tumor
phenotypes. The acylation of LPA by LPAAT is the most common pathway of PA
biosynthesis (39-40), though we do not exclude the possibility of alterations in PA levels due

J Proteome Res. Author manuscript; available in PMC 2016 June 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wildburger et al.

Page 10

to differences in phospholipase D activity between the two tumor phenotypes (39). Likewise,
PA may serve as a precursor to DAG within the Kennedy Pathway through enzymatic
dephosphorylation (39-40, 52), though phospholipase C mediated cleavage of
phosphatidylinositol 4,5-bisphosphate (PIP,) may also contribute to alterations in DAG
biosynthesis (23).

While PA and DAG are effectors for a number of proteins, a point of convergence for both
DAG and PA is the activation of protein kinase C (PKC) signaling. The decreased expression
of both PA and DAG in attractors may point to a role for PKC signaling as a downstream
effector in the BM-hMSC homing (39, 56). DAG governs the activation of both the classical
and novel type of PKCs (59), whereas PA has been reported to activate select PKC isoforms
representative of all three groups (classical, novel, and atypical) (39). The role of PKC in
tumorigenesis is complex and in glioma poorly understood (56). This in part stems from past
studies using non-selective pharmacological inhibitors of PKC, the relative contribution of
each PKC isoform, and the variability of actions (56). Nonetheless, future studies are needed
to dissect the role of PKC in the homing of BM-hMSCs to gliomas.

Lastly, DHA is the major PUFA in the CNS (42-44) and is a precursor for potent bioactive
molecules (44). As with many other cancers, the balance of fatty acids — arachidonic acid
(AA) and DHA — are dysregulated in glioma. A significant decrease in DHA and DHA-
containing glycerophospholipids has been previously observed in malignant glioma
compared to normal brain tissue (57-58). This decrease was accompanied by unchanged
levels of AA (59-58). The mechanism of this disruption in the homeostatic DHA:AA ratio is
unclear. However, one of most important functions of DHA is the resolution of inflammatory
processes (44-46). The anti-inflammatory actions of DHA are the result of its metabolic
products resolvins, neuroprotectins, and maresins (44-48). These molecules are transient
lipids that are extremely difficult to measure. However, we can surmise that a decrease in
DHA in attractor xenografts compared to non-attractors indicates relatively increased lipid-
mediated inflammation.

Ultimately, the rationale to use BM-hMSCs for targeted delivery of cancer therapeutics is
their unique ability to home and engraft into tissues that have undergone injury or severe
stress (61-64). Solid tumors are considered “wounds that do not heal” (65) and gliomas are
no exception. Gliomas not only possess an environment conducive to BM-hMSC
engraftment (7, 66), but also elicit effective signals for BM-hMSC homing. In relation to the
differential homing of BM-hMSCs in attractors vsnon-attractors, the correlation between
decreased DHA and the attractor phenotype may allow a permissive environment for BM-
hMSC homing. The elevated levels of DHA in the non-attractor phenotype, on the other
hand, may indicate relatively less inflammation correlating to less attraction to
intravascularly delivered BM-hMSCs in these tumors. In this context, DHA may serve as a
surrogate marker for relatively less inflammation. From a translational standpoint, our
observation raises the possibility of DHA as a predictive measure of BM-hMSC homing
efficacy (17). DHA radiotracers (11C) have been used recently to image DHA metabolism in
the brain by positron emission tomography (PET) (67). More recently, longer-lived 18F-
fluoro tracers have been developed to measure DHA content within the brain.
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Presently, glioblastoma remains a nearly universally fatal disease despite aggressive
treatment. Bone marrow-derived human mesenchymal stem cells show promise as cancer
therapeutic delivery vehicles due to their intrinsic tropism for gliomas (6-12). In a clinically
relevant orthotopic GSC xenograft model, these cells display variable tropism — the
molecular basis of which is poorly understood. In the effort to understand BM-hMSC
homing, the focus has been extensively confined to the evaluation of tumor-derived soluble
factors (13, 18-19). However, lipids are not only critical to cell membrane properties, but
also serve as important signaling molecules and have not been examined in previous homing
studies. Our data are the first to suggest that PA and DAG, important lipid signaling hubs,
may be involved in the homing process. Furthermore, the elevated levels of DHA in non-
attractors compared to attractors may be indicator of relatively lower inflammatory response
in these tumors, suggesting that differences in these processes between glioma tumors may
regulate BM-hMSC homing efficacy (59-63). Taken together, our findings underscore the
importance of lipid signaling in gliomas and provide new insights in advancing our
understanding of underlying molecular differences that may mediate the differential homing
capacity of BM-hMSCs to GSC xenografts and encourage further investigations.
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Figure 1. Workflow outlining tissue sample preparation for combined lipidomicsand MALDI -
IMS

(1) Serial coronal sections from GSC xenografts at 10 and 15 pm. (2) MALDI-IMS (10 pm)
and lipid extraction ESI-MS/MS (15 pm) experiments were performed in parallel. (3) The
identity of biological species of interest was confirmed by MS/MS. Lipid extraction and
ESI-MS/MS provide quantitative measures of lipid species at high-resolution with
submillimass accuracy and MALDI-IMS provides lipid localization of identified lipids as
intact molecular ions.
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Figure 2. Negativeion MALDI-IMS of PA in GSC xenogr afts
(A) Relative abundance of PA (36:2), PA (40:5), PA (42:5), and PA (42:7) as determined by

ESI-MS/MS. Values are mean + SEM (n = 9 for each phenotype) of the lipid abundance as
the ratio of lipid peak area to the peak area of an internal standard corrected for protein
concentration; *p < 0.05 and **p < 0.01 (Student's £test). (B) Negative ion image derived
from MALDI-IMS experiments of a representative attractor demonstrating the low signal
intensity of PA (36:2) (m/z735.4). Color intensity of the ion micrographs corresponds to
signal strength. (C) H&E staining of corresponding tissue section used in MALDI-IMS
experiment. Tumor area is outlined in 6/ue. (D) Negative ion image derived from MALDI-
IMS experiments of a representative non-attractor demonstrating the distribution and signal
intensity of m/z735.4. (E) H&E staining of corresponding tissue section used in MALDI-
IMS experiment. Tumor area is outlined in b/ue. (F) Annotated MS/MS spectrum of PA
(36:2) suggesting isoform PA (18:0/18:2). MS/MS product ions are shown in Table 1.
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Figure 3. Positiveion MALDI-IM S of DAG lipidsin GSC xenogr afts
(A) Relative abundance of DAG (34:0), DAG (34:1), DAG (36:1), DAG (38:4), DAG (38:6),

and DAG (40:6) as determined by ESI-MS/MS. Values are mean + SEM (n = 9 for each
phenotype) of the lipid abundance as the ratio of lipid peak area to the peak area of an
internal standard corrected for protein concentration; *p < 0.05 and **p < 0.01 (Student's +
test). (B) Positive ion image from MALDI-IMS experiments of a representative attractor
specimen, demonstrating the localization and signal intensity of DAG (40:6) (m/z707.1).
Image color intensity corresponds to signal strength. (C) H&E staining of corresponding
tissue section analyzed by MALDI-IMS. The tumor area is outlined in b/ue. (D) Positive ion
image of DAG (40:6), m/z707.1 from MALDI-IMS experiments of a representative non-
attractor specimen. (E) H&E staining of a corresponding tissue section analyzed by
MALDI-IMS. The tumor area is outlined in b/ue.
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Figure 4. Tumor-specific localization of DHA
(A and C) Negative ion images derived from MALDI-IMS experiments showing the

localization and signal intensity of DHA (22:6) m/z 327.0 in a representative non-attractor
and attractor, respectively. (B and D) H&E stain of tissue sections used in MALDI-IMS
experiments in a non-attractor and attractor, respectively. The tumor area is outlined in blue.
(E) Relative abundance of DHA as determined by ESI-MS/MS (p = 0.046). (F) Annotated
negative ion MS/MS spectrum of /m/z 327.0 with precursor ion (/nsef). The most abundant
peak, DHB [M-H]", represents the matrix. MS/MS product ions are shown in Table 1.

J Proteome Res. Author manuscript; available in PMC 2016 June 17.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Wildburger et al.

Page 20

Table 1
Summary of results of negative and positiveion MS/M S by CID obtained directly from
tumor sections oost-MALDI-IMS

Observed (m/2)  Product lons (m/2) Assignment
7354 [M+CI]-  79.0,97.0,153.1, 283.3, 416.4, 419.2, 437.2  PA (18:0/18:2)
327.0 [M-H]- 149.4,178.5, 242.0, 283.2 DHA (22:6)
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