UC Davis
UC Davis Previously Published Works

Title
Cellular transformation promotes the incorporation of docosahexaenoic acid into the
endolysosome-specific lipid bis(monoacylglycerol)phosphate in breast cancer

Permalink
https://escholarship.org/uc/item/9wr544pf

Authors

Berg, Anastasia L
Showalter, Megan R
Kosaisawe, Nont

Publication Date
2023-03-01

DOI
10.1016/j.canlet.2023.216090

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9wr544pf
https://escholarship.org/uc/item/9wr544pf#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Cancer Lett. Author manuscript; available in PMC 2024 March 31.

-, HHS Public Access
«

Published in final edited form as:
Cancer Lett. 2023 March 31; 557: 216090. doi:10.1016/j.canlet.2023.216090.

Cellular transformation promotes the incorporation of
docosahexaenoic acid into the endolysosome-specific lipid
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Abstract

Bis(monoacylglycero)phosphates (BMPs), a class of lipids highly enriched within endolysosomal
organelles, are key components of the lysosomal intraluminal vesicles responsible for activating
sphingolipid catabolic enzymes. While BMPs are understudied relative to other phospholipids,
recent reports associate BMP dysregulation with a variety of pathological states including
neurodegenerative diseases and lysosomal storage disorders. Since the dramatic lysosomal
remodeling characteristic of cellular transformation could impact BMP abundance and function,
we employed untargeted lipidomics approaches to identify and quantify BMP species in several
in vitro and /n vivo models of breast cancer and comparative non-transformed cells and tissues.
We observed lower BMP levels within transformed cells relative to normal cells, and consistent
enrichment of docosahexaenoic acid (22:6) fatty acyl chain-containing BMP species in both
human- and mouse-derived mammary tumorigenesis models. Our functional analysis points to a
working model whereby 22:6 BMPs serve as reactive oxygen species scavengers in tumor cells,
protecting lysosomes from oxidant-induced lysosomal membrane permeabilization. Our findings
suggest that breast tumor cells might divert polyunsaturated fatty acids into BMP lipids as part of
an adaptive response to protect their lysosomes from elevated reactive oxygen species levels, and
raise the possibility that BMP-mediated lysosomal protection is a tumor-specific vulnerability that
may be exploited therapeutically.

#To whom correspondence should be addressed: Dr. Kermit Carraway, Department of Biochemistry and Molecular Medicine, UC
Davis School of Medicine, Sacramento, CA 95817 USA, Ph: 1-916-734-3114, kicarraway@ucdavis.edu.
These authors contributed equally.

Competing interests
The authors declare no competing financial interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Berg et al. Page 2

Keywords

breast cancer; bis(monoacylglycerol)phosphate; BMP; lipidomics; lysosomal membrane
permeabilization; polyunsaturated fatty acids; reactive oxygen species

Introduction

Bis(monoacylglycero)phosphate (BMP; originally named lysobisphosphatidic acid, LBPA),
considered a structural isomer of phosphatidylglycerol, was originally discovered over

fifty years ago! but has remained understudied compared to more prevalent regulatory
phospholipids such as ceramides and phosphatidylinositols. However, emerging evidence
suggests that BMP class phospholipids perform critical roles in mammalian lysosomal
function and stability, and are modulated in several disease states3. BMPs comprise a
minor component (approximately 1-2%) of total cellular membrane lipids but are highly
enriched in late endosomes and lysosomes where they comprise up to 15% of lipid content?.
While BMP metabolism remains largely undefined, it has been reported that BMPs are
synthesized in late endosomes from phosphatidylglycerol (PG)° and metabolized by the
lipase ABHDG6 with the release of free fatty acids®. BMPs play a key structural role in the
formation of the intraluminal vesicles (comprising 70% of total vesicular lipid content) that
accumulate within endo-lysosomal organelles, where they serve as docking site activators
for luminal acid hydrolases involved in glycolipid breakdown’8,

BMPs are structurally diverse and consist of varied fatty acyl chain substituents.
Interestingly, the fatty acyl composition of BMP appears to drive its precise biochemical
function within cells®19, BMPs predominantly contain oleic acid (fatty acid [FA]
18:1)11-16 but BMP composition is dynamically regulated, with altered incorporation of
the polyunsaturated fatty acids (PUFAS) linoleic acid (FA 18:2), arachidonic acid (FA 20:4),
and docosahexaenoic acid (DHA; FA 22:6) observed in response to dietary changes'®, drug
treatment16.17_ cellular stress!®, and various pathological conditions including lysosomal
storage disorders (LSDs)1°. BMPs have been investigated as markers of LSDs, as changes
in both BMP acyl chain composition and total abundance are observed with disease

onset in multiple LSD models®-20, Intriguingly, it has been reported that fatty acyl chain
composition determines BMP stability under oxidative stress conditions, with PG-18:1/18:1
or PG-22:6/22:6 supplementation driving changes in BMP acyl chain composition and
conferring varied sensitivity to oxidative stress-induced breakdown in macrophages?8.

The genesis and progression of tumors involves the significant expansion of the lysosomal
compartment and alterations in lysosome quantity, composition, subcellular localization,
lipid metabolism, and activity of luminal enzymes. These changes confer growth and
survival advantages to the cancer cell, and have been demonstrated to promote tumor
aggressiveness, angiogenesis, and metastasis?1-22, In this regard, lysosomes harbor digestive
enzymes that are critical for catabolism and recycling of intracellular and extracellular
components, processes required for rapid tumor cell proliferation, invasiveness and nutrient
consumption. On the other hand, high intracellular levels of reactive oxygen species (ROS)
that induce the disruption of the limiting lysosomal membrane (lysosomal membrane
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permeabilization, LMP) and the release of luminal enzymes into the cytosol can trigger
cell death through apoptotic and necrotic mechanisms21:23:24,

As BMPs are vital to the maintenance of lysosome stability and function, and chronic
cellular oxidative stress is a common feature of cancer and can potentially destabilize

the lysosomal membrane, we set out to assess transformation-induced alterations in BMP
content and diversity.

Materials & Methods

Cell culture and media

MDA-MB-231, MCF7, and SKBR3 cells were purchased from American Type Culture
Collection (ATCC, Manassas, VA, USA) and maintained as recommended in 10% CO»

in media supplemented with 10% fetal bovine serum (Genesee Scientific) and antibiotics
(penicillin/streptomycin; Gibco, Thermo Fisher). MCF10A (ATCC) cells were maintained in
mammary epithelial basal media (DMEM/F12; SH30023, HyClone) supplemented with 5%
horse serum (16050-122, Invitrogen), 20ng/mL recombinant human epidermal growth factor
(AF-100-15, PeproTech), 0.5 mg/mL hydrocortisone (H0999, Sigma Aldrich), 100ng/mL
cholera toxin (C8052, Sigma Aldrich), and 10pg/mL insulin (19278, Sigma Aldrich). Cell
lines were authenticated prior to use by short-tandem repeat profiling (Genetics Core
Facility; University of Arizona, Tucson, AZ, USA) and were replaced with a cryopreserved
stock every six passages. Cell line attributes are summarized in Supplementary Table S1.

For live microscopy experiments, cells were maintained in a custom media formulation
termed ‘imaging base-DMEM/F12’, which consists of DMEM/F12 lacking glucose,
glutamine, riboflavin, folic acid, and phenol red (UC Davis Veterinary Medicine Biological
Media Service) to eliminate background fluorescence. MCF10A cells were maintained in
‘imaging medium’ supplemented with 17mM glucose for all imaging experiments. Prior to
microscopy analysis, cells were washed twice with their respective growth media, and then
cultured in specialized imaging media for at least 2 hours prior to imaging, unless otherwise
indicated. The cell to media ratio was maintained at 150-200 cells/ul for all experiments.

Immunofluorescence microscopy

Cells were grown to 70% confluence on glass coverslips, fixed for 20 minutes at room
temperature in 4% paraformaldehyde, and blocked in 50mM ammonium chloride for 10
minutes and subsequently 0.1% bovine serum albumin in phosphate-buffered saline (PBS)
for 20 minutes. Cells were incubated with primary antibodies anti-BMP/LBPA antibody
clone 6C4 (MABT837, Millipore Sigma; 1/100), anti-LAMP1 (L1418, Sigma-Aldrich;
1:100) and anti-Rab7 D95F2 (9367, Cell Signaling; 1/100) in PBS containing 0.5% saponin
for 30 minutes at room temperature. Following incubation with Alexa Fluor secondary
antibodies (1:1000) for 30 minutes, cells were mounted in 4’,6-diamidino-2-phenylindole
(DAPI) Fluoromount-G (0100-20, Southern Biotech). Samples were imaged with a Zeiss
LSM 710 AxioObserver confocal microscope and analyzed with ZenBlue software.

Cancer Lett. Author manuscript; available in PMC 2024 March 31.
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Live-cell fluorescence microscopy

Time-lapse wide-field microscopy was performed as described previously2°:2. Briefly,
25,000 cells were plated 24 hours prior to imaging in glass-bottom 96-well plates (P96-
1.5H-N, Cellvis, Mountain View, CA) pretreated with type | collagen (A10483-01, Gibco)
to promote cell adherence. For analysis of lysosomal content, cells were incubated with
50nM LysoTracker Red DND-99 (L7528, Invitrogen) and 1ug/mL Hoechst 33342 (62249,
Thermo Fisher) for nuclear counterstain. Cells were maintained in 95% air and 5% CO,

at 37°C in an environmental chamber. Images were collected with a Nikon (Tokyo,

Japan) 20/0.75 NA Plan Apo objective on a Nikon Eclipse Ti inverted microscope,
equipped with a Lumencor SOLA or Lumencor SPECTRA X light engine. Fluorescence
filters used in experiments were: DAPI (custom ET395/25x - ET460/50m - T425lpxr,
Chroma), cyan fluorescence protein (CFP) (49001, Chroma), Sapphire (custom ET420/10x
- ET525/50m - T425lpxr, Chroma), green fluorescence protein (GFP) (49002; Chroma),
yellow fluorescence protein (YFP) (49003, Chroma), Cherry (41043, Chroma) and Cy5
(49006, Chroma). Images were acquired using Andor Zyla 5.5 scMOS camera every 6 — 7
minutes with at 2x2 binning. Exposure time for each channel is 25-50 ms for DAPI; 150 —
250 ms for CFP; 150 — 250 ms for YFP; 500 — 750 ms for Sapphire; 500 — 750 ms for GFP;
300 - 500 ms for Cherry and 300 — 500 ms for Cy5.

Single cell detection of ROS

Cells were stained with CellROX-DeepRed (10422, Invitrogen) at 10 pM for 30 minutes
prior to further perturbation. The dye was maintained in culture for the entirety of the
experiment. Live cell analysis revealed that the CellROX dye never saturated, even after 6
hours of incubation (data not shown). To account for this, the intensity accumulation rate
was incorporated into ROS concentration measurements for each experimental condition.

Image processing

After background subtraction and flat field correction, imaging data were processed to
segment and average pixels within each identified cell’s nucleus and cytoplasm, using a
custom procedure written for MATLABZ26, with modifications in the cytosolic identification
protocol as described below. Image data were stored in ND2 files generated by NIS
Elements and accessed using the Bio-Formats MATLAB toolbox. Individual cells were
tracked over time using uTrack 2.027. Cytoplasmic masks were created by the watershed
method?8, and the cytosolic area was further restricted to the area within 5 pixels from

the nuclear border. The resulting single-cell time series traces were filtered for quality by

a minimum length of trace and maximum number of contiguous missing or corrupt data
points.

Imaging and statistical analysis

For all microscopy experiments shown, a minimum of 300 cells were imaged and tracked
(in the case of live cell analyses) for each condition. Unless noted otherwise, where single-
cell recordings are shown, the displayed cells were chosen by random number generation
in MATLAB with a threshold for minimum tracking time to eliminate cells in which

the recording was terminated prematurely due to failure of the tracking algorithm. The

Cancer Lett. Author manuscript; available in PMC 2024 March 31.
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chosen tracks were manually verified to be representative of successfully tracked cells and
consistent with the overall range of cell behaviors. Cell recordings determined by manual
inspection to have poor tracking or quantification accuracy were discarded. To determine
statistical significance, ANOVA2 was used with Tukey’s post hoc analysis, with alpha equal
to 0.05. All asterisk symbols indicate p-values less than 0.05.

Flow cytometry

Cells were incubated with 1uM LysoTracker Red DND-99 (L7528, Invitrogen) for 15
minutes and sorted using a Becton-Dickson Fortessa flow cytometer according to published
methods?®. Dead cells were excluded from analysis by 1pg/mL DAPI (D9542, Sigma
Aldrich) staining. FlowJo software was used to analyze 20,000 events per run.

Galectin Translocation Assay

MCF7, MDA-MB-231, or NDL cells on glass coverslips in 12 well plates were grown

to 70-80% confluency and pre-treated with control (anhydrous methanol), 100uM 1,2-
dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (referred to here as 18:1 PG; #840475,
Avanti Polar Lipids, Alabaster, AL, USA), or 100uM 1,2-didocosahexaenoyl-sn-glycero-3-
[phospho-rac-(1-glycerol)] (referred to here as 22:6 PG; #840492, Avanti) as bovine serum
albumin adducts for 1hr, and then treated with vehicle (DMSO) or 10uM FINO2 (25096,
Cayman) for 8hr together with lipids. Cells were then fixed with 4% paraformaldehyde for
10min and galectin-3 translocation was evaluated as previously described30. Samples were
incubated with 50mM ammonium chloride in PBS for 10min, washed three times with PBS,
and then permeabilized and blocked in 1 mL blocking buffer (1% BSA, 0.2% NP-40, 5%
goat serum, 0.02% sodium azide,) at room temperature for 1hr. Cells were incubated with
purified mouse anti-human Galectin-3 (1:100 dilution, #556904, BD Biosciences) diluted in
blocking buffer for 1hr at room temperature. Cells were washed three times with PBS and
then incubated with goat anti-mouse 1gG1 cross-absorbed secondary antibody AlexaFluor
488 conjugate (1:1,000; #A-21121, Invitrogen) at room temperature for 1hr. Cells were
again washed three times with PBS before incubation with DAPI (1:10,000) in PBS for
10min in the dark and then rinsed twice with PBS twice before mounting with Fluoromount
G. Slides were imaged by confocal microscopy using a ZEISS LSM 800 with Airyscan,
and galectin-3 puncta formation was analyzed from ten random fields from three biological
replicates with FI1JI (https://imagej.net/Fiji) software.

Generation of NDL mice

All animal experimental protocols were approved by the Institutional Animal Care and Use
Committee (IACUC) of the University of California, Davis, USA. The MMTV-NDL mouse
model has previously been described3!. Wild type FVB-nJ females were crossed with NDL
males to generate wild type (WT) and NDL mice, and genotypes were confirmed using
polymerase chain reaction using primers for NDL (Fwd-TTC CGG AAC CCA CAT CAG;
Rvs- GTT TCC TGC AGC AGC CTA).

Cancer Lett. Author manuscript; available in PMC 2024 March 31.
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Mouse Mammary Tumor Monitoring, Tissue Harvesting, and Cell Isolation

Mammary tumors were palpated weekly in female NDL mice commencing at 12 weeks of
age, as tumors form spontaneously in multiple mammary glands at approximately 20 weeks
of age in the NDL model3l. NDL female mice were euthanized when the largest tumor
reached 10-15mm in diameter, and all tumors were collected, bisected, and immediately
snap-frozen. Age-matched WT females were concurrently euthanized, and mammary gland,
brain, kidney, liver, lung, spleen, and uterus tissues were harvested and snap-frozen.

For primary cell analyses, fresh NDL mouse tumor and WT mouse mammary gland (pooled
per animal) tissues were dissociated into single cells and enriched for the epithelial cell
population as previously described32:33 with minor modifications.

Untargeted lipidomic analysis

1 million cells (cultured and primary) or 5 mg of tissue were extracted with 225 pl of
methanol at —20°C containing an internal standard mixture of PE(17:0/17:0), PG(17:0/17:0),
PC(17:0/0:0), C17 sphingosine, ceramide (d18:1/17:0), SM (d18:0/17:0), palmitic acid-

a3, PC (12:0/13:0), cholesterol-d7, TG (17:0/17:1/17:0)-a5, DG (12:0/12:0/0:0), DG
(18:1/2:0/0:0), MG (17:0/0:0/0:0), PE (17:1/0:0), LPC (17:0), LPE (17:1), and 750 pL

of MTBE (methyl tertiary butyl ether) (Sigma Aldrich) at —20°C containing the internal
standard cholesterol ester 22:1. Because of unavailability, BMP internal standards were not
employed. Cells were vortexed for 20 sec, sonicated for 5 min and shaken for 6 min at

4°C with an Orbital Mixing Chilling/Heating Plate (Torrey Pines Scientific Instruments).
Then 188 pl of LC-MS grade water (Fisher) was added, samples were vortexed, and
centrifuged at 14,000 rcf (Eppendorf 5415D). The upper (non-polar, organic) phase was
collected in two 350 L aliquots and evaporated to dryness. One organic phase aliquot was
re-suspended in 100 puL of methanol:toluene (9:1, v/v) mixture containing 50 ng/mL CUDA
((12-[[(cyclohexylamino)carbonyl]amino]-dodecanoic acid) (Cayman Chemical). Samples
were then vortexed, sonicated for 5 min and centrifuged at 16,000 rcf and prepared for
lipidomic analysis. Method blanks and pooled human plasma (BioreclamationlVVT) were
included as quality control samples.

Chromatographic and mass spectrometric conditions for lipidomic RPLC-QEHF analysis

Using a ThermoFisher Scientific Vanquish UHPLC system, re-suspended samples were
injected at 3 pL and 5 pL for positive and negative electrospray (ESI) modes, respectively,
onto a Waters Acquity UPLC CSH C18 (100 mm length x 2.1 mm id; 1.7 um particle size)
with CSH C18 pre-column (5 mm x 2.1 mm id; 1.7 um particle size). The column was
maintained at 65°C. To improve lipid coverage, different mobile phase modifiers were used
for positive and negative ESI mode analysis34. For positive ESI mode, 10 mM ammonium
formate and 0.1% formic acid were used; for negative ESI mode, 10 mM ammonium
acetate (Sigma—Aldrich) was employed. Both positive and negative ESI modes used the
same mobile phase composition of (A) 60:40 v/v acetonitrile:water (LC-MS grade) and (B)
90:10 v/v isopropanol:acetonitrile. The gradient started at 0 min with 15% (B), 0-2 min 30%
(B), 2-2.5 min 48% (B), 2.5-11 min 82% (B), 11-11.5 min 99% (B), 11.5-12 min 99%
(B), 12-12.1 min 15% (B), and 12.1-15 min 15% (B). A flow rate of 0.6 mL/min was used.
For data acquisition, a Q-Exactive HF Hybrid Quadrupole-Orbitrap Mass Spectrometer was

Cancer Lett. Author manuscript; available in PMC 2024 March 31.
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used with the following parameters: mass range, 77z 100-1200; MS? resolution 60,000:
data-dependent MS? resolution 15,000; NCE 20, 30, 40; 4 targets/MS? scan; gas temperature
369°C, sheath gas flow (nitrogen), 60 units, aux gas flow 25 units, sweep gas flow 2 units;
spray voltage 3.59 kV.

LC-MS data processing using MS-DIAL and statistics

Untargeted lipidomic data processing was performed using MS-DIALS3® for deconvolution,
peak picking, alignment, and identification. In house /m/zand retention time libraries were
used in addition to MS/MS spectra databases in msp format36. Detected lipids were used

for statistical analysis when they were positively detected in at least 50% of all samples

in each group. Data were normalized by the sum-norm of all identified lipids (mTIC)37, to
scale each sample. Normalized peak heights were then submitted to R for statistical analysis.
Significance was determined by ANOVA analysis with FDR correction and post hoc testing,
or ttest with Benjamini Hochberg correction.

Results

BMP is enriched in breast cancer cell lysosomes

BMP localization to late endosomal and lysosomal intraluminal vesicles was first established
in baby hamster kidney cells using immunofluorescence techniques following development
of an anti-BMP/LBPA monoclonal antibody38. Here we employed this method to evaluate
BMP localization in an array of human breast cancer-derived cell lines as well as non-
transformed cells. Breast cancer is a heterogeneous disease; breast cancer subtypes (luminal
or basal; estrogen/progesterone receptor positive [ER/PR+], HER2 amplified [HER2+],
receptor negative [ER/PR/HER2-]) are phenotypically distinct and each display unique
biological properties and malignancy3®. Our analysis included representatives of each
molecular subtype: ER/PR/HER2" MDA-MB-231, ER*/PR* MCF7, and HER2* SKBR3
human breast cancer cell lines, as well the MCF10A human breast epithelial cell line,

a commonly utilized non-transformed breast cell model (Supplementary Table S1). Cells
were co-labeled with antibodies directed against BMP and lysosome associated membrane
protein-1 (LAMP-1), an established lysosome marker protein that, along with LAMP-2,
constitutes nearly 50% of total lysosomal membrane protein content and distinguishes
lysosomes from their endosomal precursors?, Confocal fluorescence microscopy revealed
significant overlap of fluorescent signals (Figure 1), with relative quantities variable across
cell lines. Likewise, BMP partially co-localizes with Rab7, a late endosome marker#!
(Supplementary Figure S1). These results demonstrate that BMP co-localizes to both breast
cancer and non-transformed cell endolysosomal systems, consistent with prior observations
with other cell types38:42,

BMP levels are reduced in breast cancer cells relative to non-tumorigenic cells

Untargeted lipidomic analysis of total BMP levels across human-derived cancer cell lines
relative to non-transformed cells revealed a dramatic loss of total BMP abundance with
malignant transformation. Total BMP content for each sample was calculated by summing
peak intensities reported for each BMP species measured using LC-high resolution MS/MS.
BMPs were annotated based upon MS/MS fragmentation using MS-DIAL3543 in ESI (+)

Cancer Lett. Author manuscript; available in PMC 2024 March 31.
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mode. Separation of phosphatidylglycerol and BMP isomeric species was confirmed using
internal standards by MS/MS and retention time matching, indicating effective resolution
of these compounds with our chromatography method. Only BMP species with confirmed
MS/MS spectra were included in the results for this study.

We observed that BMP levels per cell were highest in normal epithelial MCF10A cells
and comparatively low in tumorigenic MDA-MB-231, MCF7, and SKBR3 cell lines, with
SKBR3 cells exhibiting lowest abundance (Figure 2A). Notably, total cellular content of
phosphatidylcholine (PC) (Figure 2C), the most abundant phospholipid in animal tissues,
was roughly constant across all cell lines, though SKBR3 cells exhibited a modest
(~17%) elevation in PC content (Figure 2C). This observation suggests that suppressed
BMP levels are not secondary to alterations in overall lipid content. Moreover, BMP
phosphatidylglycerol (PG) was not reproducibly lower in tumor cells relative to normal
(Figure 2B), suggesting that BMP loss does not result from suppressed levels of its
presumed precursor.

BMP abundance does not directly correlate with lysosomal content

Previous studies point to BMPs as potential biomarkers for lysosomal storage diseases,
likely reflecting enlargement of the lysosome compartment!®. By quantifying lysosomal
content across cell lines, we investigated whether BMP levels are uniquely altered as

a result of malignant transformation as opposed to simply correlating with lysosomal
content. Consistent with a body of literature describing transformation-associated organelle
expansion and upregulation of lysosome biogenesis22, we observed increased total cellular
content of acidic organelles stained with LysoTracker Red in all cancer cell lines (MDA-
MB-231, MCF7, and SKBR3) relative to normal MCF10A cells by time-lapse wide-field
fluorescent microscopy (Figures 3A and 3B). By comparison, our lipidomics analysis of
BMP levels in these cell lines revealed an inverse relationship between the cancer and
normal phenotypes. These observations indicate that BMP levels do not correlate with
lysosomal content and bolster our hypothesis that the shift in BMP levels detected from
normal to cancer cells may reflect a functional role for BMP alteration in transformation.

Transformation alters BMP fatty acid composition in human cell line models

Using our untargeted lipidomics approach, we identified 11 distinct BMP species, allowing
us to characterize BMP composition changes across cell lines and detect significant cancer-
specific differences in fatty acid chain length and saturation. We observed a striking
enrichment of long chain, unsaturated BMPs, particularly DHA (FA 22:6)-containing
BMPs, across the molecular subtypes of breast cancer relative to non-transformed cells.
Evaluating the abundance of individual BMP species (Supplementary Figure S2), we
found that shorter, saturated fatty acyl chain-containing BMPs including the major BMP
species 18:1/18:1 accumulated in MCF10A cells (Figure 4A), whereas long, polyunsaturated
fatty acyl chains selectively incorporated into cancer cell BMPs, exemplified by BMP
22:6/22:6 elevation across cancer cell lines (MDA-MB-231, MCF7, and SKBR3; Figure
4B). Although MCF10A normal mammary epithelial cells exhibited the highest levels

of pooled BMPs in our total abundance analysis, transformed human breast cancer cells
displayed significant increases in BMP species consisting of at least one DHA (FA 22:6)

Cancer Lett. Author manuscript; available in PMC 2024 March 31.
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acyl chain (Figure 4C). Notably, our analysis revealed an approximate order of magnitude
difference in 22:6-containing BMPs between cancer cells and normal cells.

Distribution of DHA (FA 22:6)-containing BMP species in mouse tissues

To evaluate whether our BMP findings in cancer cell lines are relevant /n vivo, we utilized
the well-characterized MMTV-NDL transgenic mouse model of mammary carcinoma.
Tumorigenesis in this ERBB2 (HER2)-driven model is driven by an activated rat c-
erbB2/neu allele (Neu DeLetion mutant, NDL) transgene under the control of the mouse
mammary tumor virus promoter (MMTYV) in genetically homogeneous FvB/nJ strain mice.
Animals spontaneously develop multifocal metastatic adenocarcinomas at approximately
20-24 weeks of age?*4%. MMTV-NDL tumors and normal mammary gland, brain, kidney,
liver, lung, spleen, and uterine tissues from age-matched FVB-nJ mice were harvested

and cryopreserved prior to homogenization and total lipid extraction. We analyzed 22:6
fatty acyl chain distribution by lipidomics and observed variable 22:6-containing BMP
enrichment across the eight tissues profiled (Figure 5A), with variable BMP species
abundance across tissues based on peak height evaluation (Supplementary Figure S3). We
found 22:6-containing BMPs to be most highly enriched in brain tissues, likely because
DHA is the most abundant PUFA in the brain®®. Importantly, the 22:6 BMP fraction was
dramatically elevated in tumor tissue relative to mammary gland tissue (Figure 5B) in
accordance with our findings in human cell lines. Thus, tumor cells may turn on a pathway
utilized extensively in tissues such as brain to incorporate the 22:6 fatty acid into BMP.

In an effort to rigorously evaluate whether BMP fatty acid composition might merely be
reflective of fatty acid availability, we analyzed the percentage of the 807 tumor lipid
species identified that contained at least one esterified 22:6 acyl chain (Figure 5C). The
relative frequency of DHA incorporation into total tumor lipids was extremely low (3%)
when compared to total BMPs (67.6%), pointing to a regulated and transformation-specific
pathway for the incorporation of cellular DHA into BMP lipids.

Tumor cells are enriched in DHA (FA 22:6)-containing BMPs in vivo

Considering the complexity and cellular heterogeneity of mammary tissue, we purified
mouse mammary tumor cells and normal mammary epithelial cells for further lipidomics
analysis. Tumor cells were harvested from MMTV-NDL tumors, while FVVB-nJ mammary
glands were dissociated for isolation of the epithelial cell population, as carcinomas
originate from the malignant transformation of epithelial cells**47. While non-22:6 fatty
acyl chain substituents were comparably distributed in mammary epithelial and tumor cell
BMP species (Figure 6A and Supplementary Figure S3), DHA-containing BMPs were
significantly elevated in tumor cells relative to non-transformed mammary epithelial cells
(Figure 6B and Supplementary Figure S4). Analysis of DHA/22:6-containing BMP species
as a percentage of total BMPs again revealed a transformation-specific increase in DHA
frequency (Figure 6C), consistent with our findings in human cell lines and animal tissues.

Cancer Lett. Author manuscript; available in PMC 2024 March 31.
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DHA-containing BMP precursors scavenge cellular ROS and protect cells from lysosomal
membrane permeabilization

We sought to determine the functional relevance of the striking transformation-specific FA
22:6 enrichment in BMPs observed across cell and tissue models in our lipidomics studies.
In vitro analyses have demonstrated that cellular BMP levels increase following esterified
fatty acid supplementation in the form of BMP precursor PG as well as non-esterified FA
supplementationl8. Moreover, supplementation with 22:6-containing PG species promoted
accumulation of 22:6-enriched BMP, revealing that BMP fatty acyl chain composition

can be manipulated by altering cellular PG reservoirs. Based on findings in macrophages
that fatty acyl chain composition dictates BMP stability and sensitivity to oxidative stress-
induced degradation’8, and considering that transformation is associated with elevated basal
oxidative stress*®, we investigated whether artificially altering BMP composition impacts
endogenous ROS in cancer cells. Following supplementation with increasing concentrations
of 22:6 PG, we observed significant dose-dependent reductions in cellular ROS levels as
determined by single-cell time-lapse imaging of the fluorescent ROS detector CellROX
(Figure 7A and 7B). Lipid-mediated ROS buffering was consistent across cell lines,
suggesting that FA 22:6 species may function as effective ROS scavengers.

Moreover, using a galectin relocalization assay where cytosolic and nuclear galectin

protein relocalizes to punctate structures when lysosomes become permeabilized (Figure
7C)30, we observed that 20uM and 100pM 22:6 PG but not 18:1 PG rescues cells from
lysosomal membrane permeabilization by the LMP-inducing oxidant FINO, (Figure 7D)*°.
No evidence of cytotoxicity with added lipids was observed. Together, these observations
point to the possibility that transformed cells divert PUFAs into BMP for lysosome delivery
as a mechanism to preserve organelle integrity in the face of oxidative stress.

Discussion

Presented here is the first comprehensive characterization of BMP in breast cancer,
distinguished further by use of untargeted lipidomics methods not previously applied in
analyses of BMP in other systems. We profiled BMP species across cell and tissue models
and identified a consistent cancer-specific increase in the percentage of 22:6-containing
BMPs. Indeed, BMP lipid diversity with regard to structure and abundance has been linked
to physiological and pathological processes in other models, suggesting distinct biological
functions for these species.

We utilized both antibody-based detection and mass spectrometry techniques to evaluate
multiple properties of BMP, from cellular localization to structure and abundance.
Immunofluorescence staining demonstrated BMP co-localization with the lysosomal marker
LAMP-1 in human-derived cell lines and revealed unsurprising heterogeneity across

cancer cell subtypes with regard to lysosome size and distribution based on LAMP-1

signal. Lysosomes cannot be readily distinguished from endosomes based on uniform
morphological criteria®®. While LAMP-1 is canonically utilized as a lysosome-specific
marker and is generally overexpressed upon cellular transformation as a consequence

of organelle expansion®-54 LAMP-1 itself can be highly dysregulated in cancers, as
evidenced by studies reporting decreased expression after fibroblast transformation®®. In our
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studies, we observed a marked LAMP-1 elevation in the highly aggressive ER/PR/HER2-
cell line MDA-MB-231, consistent with previous reports that LAMP-1 expression correlates
with poor prognosis in breast cancer patients®.

To achieve sensitive detection of BMP abundance, we analyzed the lipid fraction extracted
from human breast cancer and non-transformed mammary epithelial cell lines by mass
spectrometry. We observed a dramatic reduction in total BMP levels in cancer cells, which
did not correlate with diffrerences in either total cellular lipid content as represented by

PC abundance or with PG precursor abundance. This finding suggests that BMPs are
specifically suppressed during malignant transformation. BMPs are important in regulating
the stability and function of lysosomes, which are adapted upon malignant transformation to
maintain survival of cancer cells under physical and mechanical stress?2:57. We therefore
surmise that loss of BMP could selectively sensitize cancer cell lysosomes to rupture

by endogenous or exogenous triggers3. This mechanism may present an opportunity for
therapeutic intervention. For example, drug-induced dissociation of acid sphingomyelinase
from its critical cofactor BMP has been demonstrated to disrupt lipid metabolism and

to cause lysosomal membrane permeabilization and cell death in breast cancer models’.
Likewise, we propose that lysosome-targeting agents such as some cationic amphiphilc
drugs®829 could selectively suppress BMPs in tumor cells to beneath thresholds necessary to
maitain cellular viability, leading to cancer-specific cytotoxicity.

Considering previous findings that BMP is a marker for phospholipidosis and LSDs19.60-62
we rigorously evaluated lysosomal content across human cell lines by both qualitative and
quantitative analysis of LysoTracker Red staining. LysoTracker Red specifically accumulates
in acidic structures for effective lysosome labeling®3. While lysosomes generally measure
less than 1 um in diameter, it is well documented that the lysosome compartment expands
with cellular transformation and is more frequently enlarged in aggressive, metastatic cancer
cell types?2:64, Accordingly, our imaging analysis revealed that LysoTracker Red-labeled
structures were least abundant in normal MCF10A cells and greatest in invasive MDA-
MB-231 cancer cells.

BMP species are highly structurally diverse and reported to be differentially regulated in
various disease pathologies8:60.65.66 g ggesting that BMP acyl chain composition may
dictate function. Thus, we sought to characterize BMP composition changes in malignancy.
We observed an increase in the percentage of FA 22:6 in BMPs across breast cancer

cell lines of varying molecular subtype relative to non-transformed mammary epithelial
cells. This trend was conserved /n vivo upon analysis of tumor and mammary gland

tissues derived from the commonly utilized genetically modified MMTV-NDL mouse model
of mammary tumorigenesis. Comparison of the FA 22:6 fraction in BMPs versus total

lipids highlighted a tumor-specific enrichment of 22:6 in BMP that was not simply a
consequence of overall fatty acid availability. Our profiling of BMP composition in various
non-transformed tissues further highlighted an active regulation of these lipid species across
tissues, in line with observations of tissue-specific BMP remodeling in response to metabolic
challenge8”. While total BMP abundance was low in whole mammary gland extracts,

this finding was most likely attributed to the low density of epithelial cells in these fatty
tissues. For confirmation, we purified tumor cells as well as mammary epithelial cells from
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mouse mammary glands and measured BMP by lipidomics, which allowed a more direct
comparison of transformed tumor cells to their cells of origin than analysis of whole tissues
by weight. While some differences were noted in the behaviors of specific BMP species,

we again found that cancer cell BMPs were enriched in 22:6 fatty acyl composition. These
observations validate our findings in human cells and animal tissues and further illuminating
a specific and regulated incorporation of these fatty acyl sidechains into BMPs in cancer.

While few studies have directly addressed the biological significance of BMP fatty acyl
chain diversity or assessed functional outcomes of FA 22:6 enrichment found in certain
physiological and disease contexts, Bouvier et al. discovered that FA 22:6 incorporation
into BMP dramatically sensitized BMP to peroxidation!®. In their studies, macrophage
supplementation with BMP’s endogenous precursor PG led to specific elevation of

BMP levels relative to other phospholipidsi8. Moreover, supplementation with 22:6/22:6-
or 18:1/18:1-PG selectively augmented the 22:6- or 18:1-containing BMP fraction,
respectively, with 22:6 PG-supplemented cells demonstrating a loss of total BMP content
when exposed to oxidative stress!8. In contrast, BMP levels were unaffected in 18:1 PG
supplemented cells. As cancer cells display elevated levels of basal oxidant stress*8, we
hypothesized that a transformation-associated stress response may underlie the enhanced
propensity for cancer cell BMPs to accumulate 22:6 as revealed by our lipidomics studies.
Indeed, we observed a dramatic reduction in endogenous ROS with supplementation of
increasing 22:6 PG concentrations. It is possible, as initially suggested by Bouvier et a/18,
that 22:6-enriched BMP species function as local antioxidants. Lysosomes contain major
cellular reservoirs of chelatable iron that can catalyze Fenton reactions in redox cycling to
produce ROS. Drug-induced iron sequestration led to ROS-mediated lysosomal rupture and
breast cancer ferroptotic stem cell death in a recent study®8, signifying the importance of
ROS scavenging in the maintenance of lysosomal membrane stability. Thus, it is noteworthy
that our studies show that 22:6 PG but not 18:1 PG rescue breast cancer cells from oxidant-
induced LMP, raising the possibility that PUFA-rich BMPs may suppress the cellular
cytotoxicity associated with elevated ROS in tumor cells. Further assessment of differential
BMP peroxidation and characterization of oxidized BMP forms, requiring advancement of
our mass spectrometry analytical methods, are required to fully elucidate 22:6 BMP activity
in lysosomal ROS scavenging, and furthermore, how that may dynamically interplay with
BMP as it operates in maintenance of organelle structure and function.

Overall, our observations are consistent with a working model whereby transformed cells
divert PUFAs into BMP as an adaptive response to the elevated ROS levels associated
cancer. Because BMPs are specifically delivered to the lysosome interior via luminal
vesicles, they may serve as very efficient shuttles for the delivery for the delivery of

fatty acid antioxidants. In this model, the observed suppressed levels of BMPs in tumors
may be secondary to their oxidation and subsequent breakdown rather than to altered
metabolic processing. Nonetheless, suppressed BMP levels could lead to blunted lysosomal
sphingolipid breakdown and accumulation of sphingolipid species within lysosomes, and
the increased fragility of the limiting lysosomal membrane characteristic of transformed
cells. Further studies will be necessary to confirm this model and discern the underlying
mechanisms of BMP suppression and PUFA incorporation.
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MCF10A MDA-MB-231

Figure1l. BMP isenriched in lysosomes.
MCF10A, MDA-MB-231, MCF7 and SKBR3 cells were fixed and stained with anti-

BMP/LBPA (green) and anti-LAMP1 (red) antibodies. Nuclei were counterstained with
DAPI (blue). The appearance of yellow staining in confocal microscopic images indicates
colocalization. Data are representative of three independent replicate experiments. Scale bar
=10pm.
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Figure 2. BMPslevelsarereduced in cancer cellsrelative to non-tumorigenic cells.

(A) Mass spectrum peak height data for pooled BMP species isolated from the indicated
human breast tumor-derived (MDA-MB-231, MCF7, SKBR3) and normal (MCF10A) cell
lines were measured using RPLC-QEHFMS and normalized to cell count. (B) Peak heights
for pooled PG species indicate that the effect on BMP is not an outcome of precursor
availability. (C) Peak heights for pooled PC species demonstrate that transformation-
associated suppression of BMP levels is not common to all lipid species. In all panels,
average peak heights are shown (7= 10 replicates of 1 million cells), and box plots for each
cell line were drawn using ggplot2 in R statistical program. Significance was determined
by ANOVA with Tukey’s post-hoc analysis and FDR correction. P values shown here
convey significance relative to MCF10A; ***, P< 0.001. All Pvalues are presented in
Supplementary Table S2.
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Figure 3. Lysosomal content in human-derived breast cell lines.

Representative images (A) and quantitation (B) of LysoTracker Red staining in MCF10A,
MDA-MB-231, MCF7, and SKBR3 cells. Lysosomes were specifically labeled with 50nM
LysoTracker Red (red), and signal intensity was analyzed by fluorescence microscopy and
normalized to cell count. Nuclei were stained with Hoechst dye (b6/u€). Boxes represent
the 2" and 3" quartiles, while whiskers extend to values 1.5 times the interquartile range
(IQR) of the first and third quartiles. Data are representative of three independent imaging
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experiments. Significance was determined by ANOVA with Tukey’s post-hoc analysis and
FDR correction. Pvalues convey significance relative to MCF10A; ***, £< 0.001.
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Figure 4. Untargeted lipidomicsreveals differential BM P fatty acid composition in cancer versus
normal human breast cell lines.

Quantities of di-18:1 (A) and di-22:6 (B) BMP species are presented as peak height values.
(C) Levels of BMP species in MCF10A, MDA-MB-231, MCF7 and SKBR3 cell lines were
measured using RPLC-QEHFMS, and DHA (FA 22:6)-containing BMPs are expressed as

a percentage of total BMP levels. Averages for each compound by cell line are shown (7
=10 replicates of 1 million cells), and box plots were drawn using ggplot2 in R statistical
program. Significance was determined by ANOVA with Tukey’s post-hoc analysis and FDR
correction. Pvalues shown here convey significance relative to MCF10A; < 0.001. All P
values are presented in Supplementary Table S2.
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Figure 5. Transformation-associated enrichment of 22:6-containing BM P speciesisrecapitulated

in a genetically-engineered mouse model of mammary tumorigenesis.

(A) Purified lipid extract was obtained from MMTV-NDL mouse mammary tumors and
matched normal mammary gland, brain, kidney, liver, lung, spleen, and uterus tissues. BMP
levels were measured using RPLC-QEHFMS, and the percentage of BMP species consisting
of one or more DHA (FA 22:6) side chains relative to total BMP quantity is depicted. (B)
Enrichment of 22:6-containing BMPs in tumor and normal mammary gland is highlighted.
(C) The overall fraction of tumor lipids with one or more DHA (FA 22:6) side chain is
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presented as a percentage of total lipids (BMPs included) and compared with the fraction of
22:6-containing BMPs. Averages for each compound by tissue type are shown, and box plots
were drawn using ggplot2 in R statistical program. Normal tissues from 7= 6 FVB/nJ mice
were harvested for these studies, with 7= 24 distinct mammary glands analyzed (n= 4 per
mouse). In total, 7= 58 mammary tumors collected from 7= 12 MMTV-NDL mice were
included in these studies. Significance was determined by ANOVA with Tukey’s post-hoc
analysis and FDR correction. ***, < 0.001. All Pvalues are presented in Supplementary
Table S2.
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Figure 6. Lipidomics analysis of isolated mouse mammary tumor cellsand normal mammary
epithelial cells validates cancer-specific 22:6 BM P phenotype.

Tumor cell and mammary epithelial cell populations purified from MMTV-NDL tumors and
FVB-nJ mammary glands, respectively, were subjected to RPLC-QEHFMS analysis, and the
abundance of summed non-DHA (FA 22:6)-containing (A) and 22:6-containing (B) BMPs
are represented as mass spectrum peak heights. (C) The fraction of 22:6 BMPs is displayed
as a percentage of total BMP content. Averages for each compound by cell type are shown,
and box plots were drawn using ggplot2 in R statistical program. 66 replicate samples of
1x10°% cells harvested from multiple tumors across 7= 4 MMTV-NDL mice were analyzed,
as were 10 replicate samples of 1x10% mammary epithelial cells from 7= 4 FVB-nJ mice.
Significance was determined by #test with Benjamini Hochberg corrected p-values. *, P<
0.05; **, P<0.01; ***, P<0.001. All Pvalues are presented in Supplementary Table S2.
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Figure 7. 22:6-containing BM Ps scavenge cellular ROS and protect cells from oxidant-induced

lysosomal membrane per meabilization.

(A) Time-lapse wide-field microscopy was employed for single cell analysis of CellROX
signal, indicating cellular ROS abundance, in response to 22:6-22:6 PG lipid precursor
supplementation. MDA-MB-231 single cell (gray) and average (black) signal intensity over
a 30-minute time course following 100uM 22:6-22:6 PG supplementation is presented. (B)
Relative frequency of baseline normalized fluorescent CellROX signal in MDA-MB-231,
MCF7, and SKBR3 cancer lines is shown following 30-minute incubation with increasing
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concentrations of 22:6 PG lipids. Data is representative of three independent time-lapse
experiments. Significance was determined by ANOVA with Tukey’s post-hoc analysis; P<
0.001 for all conditions relative to OuM lipid. (C) MCF7 cells were pre-treated with vehicle,
100uM 18:1 PG or 22:6 PG for 1hr prior to treatment with vehicle or 10uM FINO?2 for 8hr,
and galectin redistribution into lysosomal puncta was determined by confocal microscopy.
LLOMe is a potent LMP inducer and serves as a positive control for galectin relocalization.
Representative images from MCF7 cell are shown. (D) Puncta per cell for MCF7, MDA-
MB-231, and NDL cell lines was calculated and presented as a bar graph. 7= 3 biological
replicates. Significance was determined by student t-test; *, £< 0.05, **, P< 0.01, ***, P<
0.001, **** P<0.0001.
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