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Abstract

Lipid droplets (LDs) utilize microtubules (MTs) to participate in intracellular trafficking of cargo
proteins. Cancer cells accumulate LDs and acidify their tumor microenvironment (TME) by
increasing the proton pump V-ATPase. However, it is not known whether these two metabolic
changes are mechanistically related or influence LD movement. We postulated that LD density
and velocity are progressively increased with tumor aggressiveness and are dependent on V-
ATPase and the lipolysis regulator PEDF. LD density was assessed in human prostate cancer (PCa)
specimens across Gleason scores (GS) 6-8. LD distribution and velocity were analyzed in low and
highly aggressive tumors using live cell imaging and in cells exposed to low pH and/or treated
with V-ATPase inhibitors. The MT network was disrupted and analyzed by a-tubulin staining. LD
density positively correlated with advancing GS in human tumors. Acidification promoted
peripheral localization and clustering of LDs. Highly aggressive prostate, breast, and pancreatic
cell lines had significantly higher maximum LD velocity (LDVmax) than less aggressive and
benign cells. LDVmax was MT-dependent and suppressed by blocking V-ATPase directly or
indirectly with pigment epithelium-derived factor (PEDF). Upon lowering pH, LDs moved to cell
periphery and carried metalloproteinases. These results suggest that acidification of the TME can
alter intracellular LD movement and augment velocity in cancer. Restoration of PEDF or blockade
of V-ATPase can normalize LD distribution and decrease velocity. This study identifies V-ATPase
and PEDF as new modulators of LD trafficking in the cancer microenvironment.

Summary

This study investigates lipid droplet (LD) trafficking and LD velocity (LDV) in cancer. LD density
correlated with prostate tumor grade and high grade tumors had significantly higher LDV when
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compared to low grade tumors. Acidifying conditions drove up velocities and LDV was
normalized with blockade of H* proton pump, V-ATPase.

Introduction

Cancer cells modify their microenvironment to a lower pH to favor tumor progression and
invasiveness (1). This extracellular acidification is achieved via V-ATPase, a key membrane
proton (H*) pump which transports H* across intracellular and plasma membranes in order
to maintain a physiological intracellular pH. The resulting acidification of organelle lumina
and the extracellular space influences several biological processes, many of which are
dysregulated in cancers (2, 3). Higher V-ATPase activity has been associated with tumor
aggressiveness and multidrug resistance in multiple cancers, including breast, prostate, and
pancreatic cancer (4-7). Inhibitors of VV-ATPase decrease the extracellular acidification,
suppress cancer cell proliferation and invasion, and prevent chemoresistance (8, 9).

Cancer cells store lipids such as triacylglycerol and cholesterol in lipid droplets (LDs) and
use them to support their proliferation and invasion. Limited studies in tumors have
demonstrated that the density of LDs in cancer cells is increased and may be associated with
higher aggressiveness (10-12). In hepatocellular carcinoma, inhibition of V-ATPase was
shown to interfere with cholesterol metabolism by causing cellular depletion of free
cholesterol leading to a reduction in cancer cell proliferation (13). Moreover, in melanoma
cell lines, cholesterol depletion was found to be inhibitory to the hydrolytic and H* pumping
activities of V-ATPase inducing a decrease in the migration and invasiveness capacities of
these cells (14). It is not known whether changes in the pH of the microenvironment or the
activity of V-ATPase affect LDs.

LDs are cytoplasmic organelles consisting of a core of neutral lipids surrounded by a
phospholipid monolayer with proteins either embedded in this monolayer or attached to its
surface (15-18). These organelles are found in most cells, where they play central roles in
the storage and turnover of triglycerides and cholesterol esters, membrane synthesis,
production of bioactive signaling molecules, and intracellular trafficking of cargo proteins.
Intracellular lipid homeostasis is maintained by specific proteins which regulate the balance
between lipolysis and lipogenesis. Many of these proteins are located on the surface of LDs.
One of these is pigment epithelium-derived factor (PEDF) which stimulates lipolysis and the
release of free fatty acids (FFAS) (19, 20). PEDF has also anti-tumor and anti-angiogenic
activities in cancer (21-23), and its protein levels have been found to be decreased in several
tumors including those involving prostate, breast and colon (24-26).

LDs interact with other organelles such as mitochondria, peroxisomes and endosomes (27—
30), and these interactions are dynamic (31, 32). To accomplish various functions, LDs
move along a network of microtubules (MTs) (15, 33), and several MT-associated proteins
such as tubulin, dynein and kinesin reside on the LD surface (34, 35); dyneins and kinesins
indeed promote LD movement (32-36). In the liver, the motor protein kinesin-1 was found
to regulate the secretion of triglycerides and modulate LD distribution and movement (37).
Studies in normal cells have demonstrated that LD movement within the cytoplasm can be
characterized by alternating sequences of slow short-distance movement followed by fast
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long-distance movement. Slow LD movement is random and diffusional, whereas fast
movement is directional and is driven by the molecular motors kinesin-1 and cytoplasmic
dynein which carry LDs along MTs (32). To date, it is not known whether LD motility is
different in cancer cells. There is evidence that MTs in cancer cells undergo post-
translational modifications in response to cell stress (38); however, it is not clear whether the
architecture of the MT-network differs in cancer cells from that of benign cells.

We hypothesized that the increased nutrient requirements and trafficking of cargo proteins in
aggressive cancer cells require more agility of LDs to move within the cellular compartment
resulting in elevated LD velocity (LDV) and greater displacement when compared to lower
aggressive cancer and benign cells. Using live cell imaging we found that when compared to
lower aggressive cancer cells and benign epithelial cells, aggressive prostate, breast and
pancreatic cancer cells have significantly increased maximum LDV (LDVmax) and greater
maximum displacement (Dmax), both of which were MT-dependent. Acidification of the
culture medium further elevated both LDVmax and Dmax in prostate cancer (PCa) cells; this
increase was V-ATPase-dependent since it was blocked by V-ATPase inhibitor Bafilomycin
Al. Increased LD movement in PCa cells was inhibited by treatment with exogenous PEDF.
Evaluation of the MT architecture in cancer cells revealed selective LD clustering patterns
and complex MT intersections which increase track availability. These observations suggest
that high LD motility may be a feature of metabolic re-programming in aggressive cancers
and LDV acts as an intrinsic metabolic sensor in tumor cells for utilization of stored lipids to
promote tumor growth, especially in a more acidic tumor microenvironment (TME).

Materials and methods

Cell culture and reagents

Cell lines were obtained from the American Type Culture Collection (ATCC). Aggressive
prostate cancer cells (PC-3), breast cancer cells from metastatic (MDA-MB231) and non-
metastatic (MCF-7) tumors and pancreatic cancer cells (PANC-1) were cultured at 37 °C in
5% CO, in DMEM/F12 medium (Thermo Fisher Scientific, Waltham, MA) supplemented
with 10% fetal bovine serum (FBS; Sigma-Aldrich, Saint Louis, MO) and 1% penicillin/
streptomycin. Lower aggressive prostate cancer cells (LNCaP) were cultured at 37 °C in 5%
CO3 in RPMI medium (Thermo Fisher Scientific, Waltham, MA) supplemented with 10%
FBS and 1% penicillin/streptomycin. Benign prostate epithelial cells (NHPrE1) were used as
control and were cultured in DMEM/F12 medium (Thermo Fisher Scientific, Waltham, MA)
supplemented with 5% FBS and with 1% penicillin/streptomycin, 1% insulin-transferrin-
selenium-X (ITS; Gibco, Grand Island, NY), 0.4% bovine pituitary extract (BPE; Hammond
Cell Tech, Windsor, CA), and 10 ng/ml epidermal growth factor (EGF; Sigma-Aldrich, St.
Louis, MO) (Ming Hayward Stem cell 2010). Benign breast epithelial cells (MCF10A) were
cultured in mammary epithelial cell growth medium (MEGM,; Bulletkit, Lonza). After
seeding overnight, cells were exposed to several different treatments: (a) 10 nM purified
PEDF protein (full-length) (39) for 24 h; (b) HCI (Cat. No. SA49, Thermo Fisher Scientific,
Waltham, MA) in order to acidify the medium to pH 6.8-6.9 with or without 1 nM
Bafilomycin Al (Cat. No. B1793, Sigma-Aldrich, MO) for 24 h; and (c) 5 uM Nocodazole
(Cat. No. M1404, Sigma-Aldrich, MO) for 4 h in order to disrupt microtubules (MTSs).
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Immunohistochemical analyses of human prostate cancer tissues

The specimens available for the study (n=128) consisted of benign prostate controls (normal
or with benign hyperplasia), lower grade prostate cancer (PCa) with Gleason score (GS) 6 or
7, and higher grade prostate cancer with GS 8 or 9. Immunohistochemical staining of
archival paraffin embedded tissues was performed on representative histologic sections and
evaluated by two pathologists. Tumor grades were confirmed. Immunohistochemical stains
were performed by a previously described method used routinely in our laboratory (40).
Staining with adipose triglyceride lipase (ATGL) antibody (Cat. No. 2138, Cell Signaling
Technology, Danvers, MA) was performed to identify the proteins on the LD surface.
Following ATGL staining, intracytoplasmic ATGL-positive lipid droplets were counted per
cell in representative sections cut from both benign and PCa specimens at 100x
magnification. A minimum of 25 cells were analyzed per section. In PCa specimens,
microscopic fields of highest tumor density were selected for the analysis. The issue sections
were also stained with perilipin 2 (PLIN2/ADRP) (1:50 - Cat. No. sc-32448 — Santa Cruz
Biotechnology, Dallas, TX) antibody which showed a similar localization pattern as ATGL
stained slides. The study was approved by the Institutional Review Board (IRB).

Live cell imaging and analysis

For live cell imaging, cells were cultured in glass-bottom dishes. Once the cells reached
approximately 50% confluence, LDs were stained for 1 h with 12 pg/ml BODIPY 493/503
(Cat. No. D3922, Thermo Fisher Scientific, Waltham, MA) added to the culture medium.
Following BODIPY staining, the cells were washed 3 times in culture medium and
subsequently treated for 24 h as describe above. 2D live cell imaging was performed at
37°C, 5% CO, in a Chamlide TC-W stage incubator system (Live Cell Instrument, Seoul,
Korea) using Nikon Eclipse Ti inverted microscope equipped Xcite 120 LED light source
and Zyla sSCMOS camera. Time lapse images were recorded at 180 ms intervals under the
FITC green fluorescence channel using a 60x oil immersion objective. Cells were imaged
for a minimum of 10 s. LDs were tracked over a 10 s period and the maximum velocity of
each LD (LDVmax) and maximum displacement (Dmax) were determined using the
MTrackJ plugin in image J. The analysis was performed using the 10 LDs with highest
velocities in each cell. At least 50 LDs were used for each experimental group. We
determined using 10 LDs gave consistent results after extensive pre-testing using 25, 50 and
100 LDs. Adding additional LDs did not statistically alter the values obtained on a sample
size of 10 LDs. For directionality of movement, the mean square displacement for
trajectories of fast moving LDs was calculated and graphed using DiPer software (41). The
movement of each LD analyzed was characterized as directional or non-directional.
Movement was considered directional when it persisted over 2/3 (6.7 s) of the trajectory
length as evidenced by an exponential MSD curve and the anomalous exponent a. = 1.1.
Non-directional movement was characterized by non-exponential curve and a < 1.1. The
anomalous exponent (a) for a given time point was calculated using the log equation:
log(MSD (At)) = log(4D) + alog(At) The diffusion coefficient (D) was calculated from the
first four time points of the MSD curve using linear regression analysis to obtain the best fit
line from the formula MSD(At) = 4DAt = <x2>, where At is the elapsed time, D is the
diffusion coefficient and x? is the slope of the best fit line.
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Immunofluorescence staining

NHPrE1 and PC-3 cells were cultured on glass coverslips coated with Poly-L-Lysine (Cat.
No. P4832, Sigma-Aldrich, MO), and once they reached ~ 50% confluence they were fixed
in 4% paraformaldehyde for 20 min, and permeabilized with 0.1% Triton X-100 for 15 min.
Cells were first incubated for 20 min in 5% normal horse serum, and then with primary and
secondary antibodies for 1 h each. Rabbit anti-a-tubulin (1:100 - Cat. No. ab15246 - Abcam,
Cambridge, United Kingdom), mouse anti-matrix metalloproteinase 9 (MMP-9 — 1:150 —
Cat. No. IM37-100UG - EDM Millipore, Burlington, MA), and rabbit anti-total-p-catenin
(1 pg/ml — Cat. No. ab16051 - Abcam, Cambridge, United Kingdom) were used to
visualized MTs and protein localization inside the cells, respectively. After staining, the
coverslips were mounted on glass slides using ProLong Gold antifade reagent with DAPI
(Invitrogen, Carlsbad, CA) and sealed with permaslip. Cells were then imaged using
confocal microscopy (Nikon Eclipse TE 2000-U microscope equipped with NIS-Element
version 4 software). To enhance the detection of the MT networks, single color images of
MTs stained for a-tubulin stain (red) were processed with Filament Sensor software v. 0.1.7,
which detects and records location, orientation, length, and width for each single filament of
a fluorescent image, thus allowing assessment of filament tracking (42).

Western Blotting

NHPrE, LNCaP, and PC-3 cells were cultured on dishes and, once they reached ~ 80%
confluence, they were washed with PBS, scraped and lysed in M-PER + protease inhibitor
buffer (Sigma, St. Louis, MO). Cell lysates were centrifuged at 12000 rpm for 20 min at 4
°C, and then the protein concentration was determined using the Pierce 660 nm Protein
Assay Reagent (Thermo Fisher Scientific, Waltham, MA) and comparison to a standard.
Proteins separated by precast gels (Mini-PROTEAN TGX Stain-Free Gel - Bio-Rad, Des
Plaines, IL) were transferred onto 0.2 um polyvinylidene difluoride (PVDF) membranes
(Bio-Rad, Des Plaines, IL), blocked in 5% bovine serum albumin (BSA) in PBS-T, and
incubated with primary and secondary antibodies. PEDF (1:1000 - Cat. No. AB-PEDF4 -
BioProducts MD, Middletown, MD), total-p-catenin (1 pg/ml — Cat. No. ab16051 - Abcam,
Cambridge, United Kingdom), kinesin 5B (0.5 pg/ml — Cat. No. ab5629 - Abcam,
Cambridge, United Kingdom), and VV-ATPase (ATP6V1E1 — 1:200 — Cat. No. HPA003156 -
Sigma-Aldrich, MO) antibodies were used. GAPDH (1:1000 — Cat. No. 2118 - Cell
Signaling Technology, Danvers, MA) antibody was used as normalizer. The membrane was
then incubated at room temperature with enhanced chemiluminescence (ECL) detection
reagents (Bio-Rad, Des Plaines, IL), and the bands were visualized by chemiluminescence
using the ChemiDoc Touch Imaging System (Bio-Rad, Des Plaines, IL).

Statistical Analysis

Statistical analysis was performed using Student’s t-test, where the differences were
considered statistically significant when P<0.05. This analysis was performed using
GraphPad Prism, version 7.03. ImageJ software was used to analyze microtubule length and
to quantify the protein levels by densitometry.
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Increased LD density correlates with advancing grades of human PCa tumors and cell

lines

To determine whether the increase in intracellular LD density correlated with the
aggressiveness of cancer cell lines, we analyzed the number of LDs by BODIPY staining
(green) in PCa cells, LNCaP and PC-3, and in benign prostate epithelial cells (NHPrE1)
(Fig. 1A). The number of LDs was significantly increased in more aggressive androgen-
independent PC-3 cells when compared to less aggressive androgen-dependent LNCaP
(PC-3 vs LNCaP: 83.14 £ 8.41 vs 29.75 * 2.60; P<0.001) and benign prostate epithelial cells
(PC-3 vs NHPrE1: 83.14 + 8.41 vs 11.92 +1.34; P<0.001). LNCaP cells showed a higher
mean LD density when compared to normal cells (LNCaP vs NHPrE1: 29.75 £ 2.60 vs
11.92 +£1.34; P<0.001) (Fig. 1B). Since LD size is important for cargo proteins and
signaling, differences in the cross-sectional area of LDs were evaluated within our cell types.
NHPrE1 had a mean LD area of 0.40 + 0.05 um?, which was similar to the one observed for
LNCaP cells (0.42 + 0.03 um?). In contrast, in more aggressive PC-3 cells, the mean LD
area was significantly decreased when compared to both NHPrE1 (PC-3 vs NHPrE1: 0.15 £
0.01 vs 0.40 £ 0.05; P<0.0001) and less aggressive LNCaP cells (PC-3 vs LNCaP: 0.15 £
0.01 vs 0.42 £ 0.03; P<0.0001) (Fig. 1C). To test if LD density in prostate cancer positively
correlated with tumor grade or Gleason Score (GS), we assessed LD density in formalin
fixed paraffin-embedded human prostate benign and cancer tissues (Fig. 1D). Because lipids
are extracted from the sample during tissue processing, direct detection of neutral lipids
(with dyes such as Qil-Red-O or BODIPY) in paraffin-embedded tissues is not possible or
consistent. For this reason, the tissue samples were stained by immunohistochemistry for
adipose triglyceride lipase (ATGL), a lipid droplet associated protein that resides on the LD
surface (43). The density of ATGL-positive LDs increased progressively with disease grade.
Higher grade human prostate cancers with GS 8-9 were characterized by a significantly
higher LD density when compared to lower grade GS 7 (GS 8-9 vs GS 7: 10.30 £ 0.70 vs
4.60 + 0.43; P<0.001), GS 6 prostate cancers (GS 8-9 vs GS 6: 10.30 + 0.70 vs 2.80 £ 0.49;
P<0.001), and normal prostate epithelial cells (GS 8-9 vs Normal: 10.30 + 0.70 vs 0.50 +
0.22; P<0.001) (Fig. 1E). Also GS 6 and GS 7 prostate cancers as well as benign prostatic
hyperplasia (BPH) showed a significant increase in the number of intracellular lipid droplets
when compared to normal prostate epithelial cells (GS 6 vs Normal: 2.80 + 0.49 vs 0.50 £
0.22; P<0.001; GS 7 vs Normal: 4.60 + 0.43 vs 0.50 + 0.22; P<0.001; BPH vs Normal: 1.60
+0.31 vs 0.50 + 0.22; P<0.01). LD density increased in a stepwise fashion when comparing
BPH to BPH near cancer and to GS 6 PCa, although the value did not reach statistical
significance (Fig. 1E). Moreover, higher grade human prostate cancers with GS 9 had larger
LDs in term of area-size when compared to lower grade GS 6 (GS 9 vs GS 6: 4.47 + 0.32 vs
2.12 + 0.23; P<0.001) and normal prostate epithelial cells (GS 9 vs Normal: 4.47 £ 0.32 vs
1.76 + 0.28; P<0.01) (Fig. 1F). A stepwise increase of lipid content with tumor
aggressiveness was confirmed by perilipin 2 (PLIN2) which is an alternative marker for
intracellular LD staining (see supplemental data, Fig. S1). These data suggest that
accumulation of intracellular lipids is progressive as a tumor advances to a higher grade,
thus, expanding the resident source of nutrients to keep pace with the metabolic needs of an
aggressive tumor in the TME.
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Directional movement and maximum LD velocity are increased in aggressive cancer cells

To investigate whether LD movement correlates with tumor aggressiveness across various
cell lineages, we performed live cell imaging of LDs stained with BODIPY (green) and
calculated the LD velocity in prostate, breast and pancreatic cancer cell lines and compared
them to benign cells (Fig. 2A). Tracking the movement of single LDs demonstrated a
significantly higher maximum LD velocity (LDVmax) in more aggressive prostate cancer
cells, PC-3, compared to less aggressive prostate cancer cells, LNCaP (PC-3 vs LNCaP:
1.43 £ 0.13 vs 1.01 + 0.08 pm/s; P<0.01), and NHPrE1 cells (PC-3 vs NHPrE1: 1.43 £ 0.13
vs 0.48 £ 0.05 um/s; P<0.001). Low aggressive PCa cells, LNCaP, still showed a
significantly higher LDVmax when compared to benign cells (LNCaP vs NHPrE1: 1.01 +
0.08 vs 0.48 £ 0.05 um/s; P<0.001) (Fig. 2A). The maximum velocities of individual LDs
reached 3.4 um/s in PC-3 cells, 2.9 um/s in LNCaP cells, and 1.5 pm/s in benign cells. To
investigate whether high LDV may be a more universal metabolic adaptation of other
aggressive tumor cell types, we also analyzed LDV in breast benign epithelial cells
(MCF10A), non-metastatic (MCF-7), and metastatic (MDA-MB231, referred to as MDA)
cancer cells (see supplemental movies) and in pancreatic (PANC-1) cancer cells (Fig. 2A).
Similar to high grade PCa cells, metastatic breast cancer cells displayed significantly higher
LDVmax compared to non-metastatic breast cancer cells (MDA vs MCF-7: 1.66 + 0.08 vs
0.91 + 0.07 um/s; P<0.001) and benign breast epithelial cells (MDA vs MCF10A: 1.66 +
0.08 vs 0.91 + 0.07 um/s; P<0.001) (Fig. 2A). LDVmax in PANC-1 was found to be
comparable to the level of other metastatic cells. Most notably, all three aggressive cancer
cells (PC-3, MDA, and PANC-1) were characterized by high LDVmax values which did not
differ significantly despite the fact that tumors arose from three different organs, namely
prostate, breast and pancreas. We speculate that there may be a common upper velocity
threshold in high grade tumors for intracellular movement of LDs.

Since the LDV range was similar in all aggressive tumors tested, we focused all of our
further analyses on PCa and considered the data to be a potential prototype for other cancer
cell types regarding LDV and microtubule (MT) morphology. To assess whether high LDV
max is associated with a longer displacement of LDs from their original position, the
maximum displacement (Dmax) of fast-moving LDs was calculated over 10 s periods. We
observed that Dmax in aggressive PC-3 cells was significantly higher compared to both low-
aggressive PCa (PC-3 vs LNCaP: 1.10 £ 0.11 vs 0.47 £ 0.11 um; P<0.001) and normal
epithelial cells (PC-3 vs NHPrE1: 1.10 £+ 0.11 vs 0.31 £ 0.04 um; P<0.001) (Fig. 2B). To
evaluate the directionality of LD movement, the mean square displacement (MSD) was
calculated. In prostate cancer cells, LDs demonstrated both non-directional movement with a
non-linear trajectory (Fig. 2D) and directional movement with a more linear trajectory (Fig
2E). Non-directionally moving LDs were characterized using a non-quadratic MSD plot
(Fig. 2F), whereas those moving directionally displayed a quadratic MSD (Fig. 2G). In all
experiments, aggressive PC-3 cells had a significantly higher proportion of directional
movement compared to normal prostate epithelial cells (PC-3 vs NHPrE1: 0.77 £ 0.09 vs
0.30 £ 0.11; P<0.01). Similar results were found in low aggressive LNCaP cells where a
higher proportion of directional movement was evident when compared to normal prostate
epithelium, although the increase did not achieve statistical significance (Fig. 2C).
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PEDF suppresses LDVmax in prostate cancer cells

PEDF is a multifunctional protein known for its anti-tumor and anti-angiogenic functions
(21, 40). While normal cells express abundant levels of PEDF, aggressive tumors typically
show a decrease in PEDF protein (44—46). To assess the expression levels of PEDF protein
in prostate cancer cells, western blot analysis was performed (Fig. 3A). Compared to benign
cells, the levels of PEDF were significantly decreased in both LNCaP (LNCaP vs NHPrE1:
65.90 + 1.40 vs 121.70 + 1.65; P<0.01) and PC-3 cells (PC-3 vs NHPrE1: 64.10 + 1.90 vs
121.70 + 1.65; P<0.01) (Fig. 3A).

We investigated whether restoration of PEDF using recombinant full-length protein would
alter LD velocity in prostate cancer cells. Addition of PEDF resulted in reduction of
LDVmax in both more aggressive and less aggressive PCa cells (Fig. 3B). In particular, it
decreased LDVmax up to 55% in PC-3 cells (PC-3 PEDF vs PC-3 CTR: 0.64 £ 0.07 vs 1.43
+ 0.13 pm/s; P<0.001) and 26% in LNCaP cells (LNCaP PEDF vs LNCaP CTR: 0.75 + 0.04
vs 1.01 £ 0.08 um/s; P<0.05) when compared to the untreated controls (Fig. 3B). Following
PEDF treatment, the reduced LDVmax did not differ significantly between the two PCa cell
lines, LNCaP and PC-3. The treatment with exogenous PEDF also significantly reduced
Dmax in both benign and cancer cell lines, with the highest reduction in displacement by
74% in PC-3 cells (PC-3 PEDF vs PC-3 CTR: 0.29 £ 0.06 vs 1.10 £ 0.11 um; P<0.001),
49% in LNCaP cells (LNCaP PEDF vs LNCaP CTR: 0.24 £ 0.02 vs 0.47 £ 0.11 um;
P<0.05), and 45% in NHPrE1 cells (NHPrE1 PEDF vs NHPrE1 CTR: 0.17 + 0.02 vs 0.31 +
0.04 um; P<0.001) when compared to the untreated cells (Fig. 3C). In the PEDF treated
groups, both LNCaP and PC-3 showed an increase in displacement when compared to the
normal prostate epithelium (LNCaP PEDF vs NHPrE1 PEDF: 0.24 + 0.02 vs 0.17 £ 0.02
um; P<0.01; PC-3 PEDF vs NHPrE1 PEDF: 0.29 £ 0.06 vs 0.17 + 0.02; P<0.05); however,
there was no significant difference between the two PCa lines (Fig. 3C). In addition,
restoration of PEDF also reduced the intracellular LD number in both PCa cells, LNCaP
(LNCaP PEDF vs LNCaP CTR: 12.25 + 0.90 vs 29.75 + 2.60; P<0.0001) and PC-3 (PC-3
PEDF vs PC-3 CTR: 31.00 £ 3.54 vs 83.14 + 8.41; P<0.0001) when compared to the
baseline (Fig. 3D). Following PEDF treatment, aggressive PC-3 cells continued to
demonstrate a higher number of LDs when compared to less aggressive LNCaP cells (PC-3
PEDF vs LNCaP PEDF: 31.00 + 3.54 vs 12.25 + 0.90; P<0.001) or normal prostate
epithelium (PC-3 PEDF vs NHPrE1 PEDF: 31.00 + 3.54 vs 10.15 + 1.22; P<0.0001) (Fig.
3D).

A more acidic tumor microenvironment increases LDVmax and promotes LD peripheral
clustering in an V-ATPase-dependent manner

Acidification of the tumor microenvironment is one mechanism used by tumor cells to
facilitate invasion and progression (47). This extracellular acidification is achieved via V-
ATPase, a key proton (H*) pump located within membranes which transports H* in order to
maintain a physiological intracellular pH. By western blot, we saw that the protein levels of
V-ATPase (ATP6V1EL) were increased in aggressive PC-3 cells compared to LNCaP (PC-3
vs LNCaP: 189.90 + 0.65 vs 89.35 + 0.35; P<0.0001) and normal cells (PC-3 vs NHPrE1:
189.90 + 0.65 vs 55.50 + 0.50; P<0.0001) (Fig. 4A). To investigate whether more acidic
conditions promote an increase in LDV, we analyzed LDVmax in live cells at pH 6.8-6.9.

Lab Invest. Author manuscript; available in PMC 2020 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nardi et al.

Page 9

This pH level allowed cell viability to be maintained, thus, reducing the likelihood of
additional variables associated with cell death. Although there was no effect on LDVmax in
normal prostate epithelium cells subjected to lower pH, blockade of V-ATPase by
Bafilomycin Al (Baf.) did result in an increase in LDVmax by 29.9% when compared to the
acidified medium alone (NHPrE1 pH + Baf. vs NHPrEl1 pH: 0.77 + 0.06 vs 0.54 + 0.04;
P<0.01) (Fig. 4B). Unlike normal cells, PCa cells subjected to lower pH had significant
elevations in LDVmax by 27.3% in LNCaP and 21.9% in PC-3 cells when compared to the
baselines (LNCaP pH vs LNCaP CTR: 1.30 £ 0.11 vs 1.01 £ 0.08; P<0.05; PC-3 pH vs
PC-3 CTR: 1.75 £ 0.16 vs 1.32 + 0.08; P<0.05). Inhibition of \V-ATPase in both cancer cell
lines caused a significant decrease in LDVmax when compared to the acidified cells
(LNCaP pH + Baf. vs LNCaP pH: 0.62 + 0.03 vs 1.30 + 0.11; P<0.001; PC-3 pH + Baf. vs
PC-3 pH: 0.93 £ 0.06 vs 1.75 + 0.16; P<0.001) (Fig. 4B). To determine if maximum
displacement (Dmax) of LDs was influenced by pH, cells were exposed to lower pH
conditions (pH 6.8-6.9) (Fig. 4C). All three cell lines, NHPre1, LNCaP and PC-3,
demonstrated a statistically significant decrease in LD maximum displacement when V-
ATPase was blocked with Bafilomycin A1 (NHPrE1 pH + Baf. vs NHPrE1 pH: 0.20 + 0.01
vs 0.36 + 0.03; P<0.001; LNCaP pH + Baf. vs LNCaP pH: 0.21 + 0.03 vs 0.64 + 0.07;
P<0.001; PC-3 pH + Baf. vs PC-3 pH: 0.22 + 0.02 vs 1.28 + 0.15; P<0.001) (Fig. 4C).

LD trafficking within cells has the potential to promote dynamic interactions with other
organelles and has been implicated in lipid transfer (36). The environmental mechanisms
controlling LD movement are not well understood. To determine whether lowering pH can
affect LD intracellular localization, the organelles were stained with BODIPY (green) and
assessed under live cell imaging. At pH 6.8-6.9, LDs in PC-3 cells were observed to form
clusters and marginalized along the edges of cells (Fig. 4D, central panel), a site that could
facilitate migration and invasion. To test if V-ATPase regulated this LD phenotype, the cells
were treated with a V-ATPase inhibitor (Fig. 4D, lower panel). Interestingly, the LDs moved
away from the edge of the cell as in the baseline condition. Single LDs (Fig. 4D, red boxes)
often paired with another LD forming doublets (Fig. 4D, blue boxes), and the movement
changed from directional to a “to and fro” pattern. At a lower pH conditions, approximately
40% of LDs co-localized with matrix metalloproteinase 9 (MMP-9) which is an enzyme
involved in the degradation of extracellular matrix, thus, facilitating cell migration and
invasion (Fig. 4E). This co-localization was significantly higher when compared to the
baseline conditions where only nearly 20% of LDs showed MMP-9 on their surface.
Interestingly, not only the number of LDs co-localizing with MMP-9, but also the
intracellular localization of MMP-9 was different between lower pH and control PC-3 cells.
In fact, while at the baseline condition MMP-9-LDs were diffused throughout the cytoplasm
with most of them in the perinuclear region of the cell, at lower pH conditions the majority
of MMP-9-LDs were located in the peripheral region of the cell close to the edge suggesting
their potential role in facilitating cancer cell migration and invasion (Fig. 4E). This
localization pattern was unique to MMP-9 since MMP-2 remained diffusely located in the
cytoplasm even after a change in pH.

Higher levels of V-ATPase have been shown to activate the Wnt/p-catenin signaling pathway
(48, 49). This pathway has been implicated in many activities including regulation of MTs
by PEDF which can act as a Wnt inhibitor by decreasing p-catenin (50). We tested whether
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the Wnt pathway was activated in most aggressive cells, PC-3, with the highest LDVmax.
When compared to LNCaP and normal epithelial cells, PC-3 cells showed a significant
increase in total p-catenin (PC-3 vs LNCaP: 108.40 + 1.85 vs 14.50 + 2.30; P<0.001; PC-3
vs NHPrE1: 108.4 + 1.9 vs 54.15 + 2.15; P<0.01) (see supplemental data, Fig. S2A).
Immunofluorescence was performed to identify the intracellular localization of active p-
catenin in PC-3 cells versus benign cells (see supplemental data, Fig. S2B). While in
NHPrE1 cells B-catenin was minimally expressed and localized mainly in the cytoplasm, in
PC-3 cells the protein was highly expressed and was located in both the cytoplasm and the
nucleus. The presence of active nuclear p-catenin was confirmed using z-stack analysis and
by performing vertical cuts through the nucleus (Fig. S2B).

MT architecture of cancer cells reveals longer MTs with directionality

Given that LDs in cancer cells exhibited more displacement than in normal cells, we used a
MT filament analyzer to reconstruct the directionality and length of the MTs. The normal
prostate epithelial cells had shorter MTs organized in various planes (denoted by a range of
different colors), whereas cancer cells showed a more dominant directional pattern (denoted
by narrower range of colors in red-orange colorway) (Fig. 5A). To assess whether increased
MT length was a consistent feature of cancer cells compared to normal epithelial cells, we
measured MTs. We observed that in PCa cells the MTs were significantly longer when
compared to normal cells (PC-3 vs NHPrE1: 8.22 + 0.73 vs 2.72 + 0.21 pm; P<0.0001) (Fig.
5B).

To assess whether increased LD movement in aggressive cancer cells was dependent on the
integrity of MTs, PC-3 cells were treated with 5uM Nocodazole (Noco) in order to disrupt
MTs. Aggressive prostate cancer PC-3 cells treated with Nocodazole showed a 26%
decrease in LDVmax when compared to PC-3 control (PC-3 Noco vs PC-3 C: 1.09 + 0.05 vs
1.47 £ 0.12 um/s; P<0.05) (Fig. 5C). The same treatment decreased also Dmax of 81.2 %
when compared to the baseline (PC-3 Noco vs PC-3 C: 0.20 + 0.01 vs 1.11 £ 0.11 pm/s;
P<0.001) (Fig. 5D). Moreover, after the treatment with Nocodazole, directional movement
was not observed.

Intracellular LD trafficking via MTs requires molecular motors. In Drosophila embryos, LD
motion towards the plus-ends of microtubules is driven by the motor kinesin-1 (51). More
recently, the motor protein kinesin 5B (a member of the kinesin-1 family) has been
implicated as a regulator of triglyceride content and LD movement in mammals (37). We
tested whether this motor protein was altered in our high velocity cell line compared to
normal epithelial cells. Aggressive PC-3 cells expressed significantly lower protein levels
when compared to lower aggressive LNCaP cells (PC-3 vs LNCaP: 59.40 + 1.40 vs 155.90
+ 0.60; P<0.001) and normal epithelial cells (PC-3 vs NHPrE1: 59.40 + 1.40 vs 119.00 +
0.75; P<0.001) (Fig. 5E). The treatment with exogenous PEDF increased the protein levels
of kinesin 5B in PC-3 cells when compared to the untreated cells (PC-3 PEDF vs PC-3 C:
97.95 + 0.85 vs 59.40 + 1.40; P<0.01) (Fig. 5F).
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Discussion

The tumor microenvironment (TME) is influenced by many extrinsic factors including
hypoxia, immune cells, acidity and metabolites (52-54). Acidification can play an important
role in nutrient sensing and energy-related processes. Plasma membrane V-ATPases are
ATP-dependent proton pumps which can activate Wnt/p-catenin signaling (2, 48, 49, 55) and
be amplified in about one-third of breast cancers as well as other tumors (3, 56). In the
current study, we found an increase in V-ATPase in the more aggressive and higher LDV cell
line, PC-3. Active p-catenin was also increased in the same cell line when compared to the
benign cells. In prostate cancer, other studies have shown prostate-specific antigen (PSA) is
a common biomarker and blockade of V-ATPase with Bafilomycin A or Concanamycin A
reduced PSA mRNA levels and prostate cancer cell invasion (8). In a more recent study,
these same inhibitors also significantly reduced androgen receptor (AR) protein levels in
prostate cancer; this study also demonstrated the dependence of AR repression on V-ATPase
(57). Our data support another role for V-ATPase in regulating lipid droplet distribution
within the cytoplasm and control of LD velocity. Under more acidic conditions, the lipid
droplets started to form small aggregates and moved from a random distribution cytoplasmic
pattern to the peripheral region along the cell membrane. MMP-9 was observed on the
surface of these LDs which brings a key enzyme to facilitate potential invasion. The position
of the lipid droplet clusters, as a rich nutrient source, has the potential to facilitate energy-
driven tumorigenic processes such as invasion of the neighboring tissue. Blockade of V-
ATPase was also able to slow down the fast moving LDs with directionality in the more
aggressive cancer cells to a velocity comparable to one measured in normal epithelial cells.
A limited number of studies have linked this proton pump to lysosomal trafficking (58) and
reorganization of the F-actin cytoskeleton (57). To our knowledge, this is the first study to
support that V-ATPase can regulate intracellular LD velocity. A proposed model
demonstrates how V-ATPase may interact with other molecules to alter LDV (see
supplementary data, Fig. S2C).

Lipid dysregulation has been documented in many types of cancer (59, 60). Maintaining the
proper net neutral lipid content in normal cells requires precision in the signaling between
lipogenesis and lipolytic enzymes in triacylglycerol (TAG) metabolism. Human tissue
samples undergo fixation and processing procedures which alter lipids, thus, making it more
difficult to visualize them under the microscope. In this study, we noticed a higher density of
intracellular vacuoles in more advanced GS prostate tumors. Since lipolytic enzyme ATGL
resides on the surface of lipid droplets, we stained the formalin-fixed tissue samples for this
protein. Additionally, we immunolocalized PLINZ2 to the intracytoplasmic LDs. This allowed
us to observe a stepwise increase in intracellular lipid droplets across tumor grades. The less
aggressive GS 6 tumors revealed ATGL immunoreactivity in the cells near the basement
membrane and basal cells whereas the more aggressive GS 9 tumors demonstrated
distinctive clusters of lipid droplets within the cytoplasm of tumor cells. GS 9 tumors in
tissue sections also revealed the highest LD cross-sectional area when compared to low
grade tumors and normal prostate epithelial cells. Interesting, the PC-3 cell line revealed
smaller LDs which could influence velocity. A study of ex vivo helium droplets revealed
smaller sized droplets were capable of moving faster (61). Both lipogenesis and lipolysis
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enzymes, DGAT1 and ATGL, as well as a hydrolase, ABHD5, have been reported to be
overexpressed in prostate cancer cells (62), and the higher level of ABHD5 appears to act as
an inhibitor of prostate cancer growth and invasion (63). PEDF is made by nearly all normal
cells and the expression of this protein is significantly reduced in most tumor cell types (21).
The consequence of PEDF loss can be multifunctional since it has a broad range of anti-
tumor activities (21, 40, 50) and its pro-lipolytic role as a binding partner of ATGL alters
intracellular neutral lipid in several cell types (19, 20, 64, 65). Additionally, PEDF has been
shown to reduce the function of V-ATPase in castration-refractory prostate cancer cells (6).
In the current study we found a new bioactivity for PEDF in lipid trafficking related to its
ability to decrease the velocity of intracellular lipid droplets especially in more aggressive
cancer cells. Unlike normal cells, many cancer cells have minimal expression of PEDF, thus,
it is possible that the elevated LD velocities observed in the more aggressive cell lines is due,
in part, to the loss of an inhibitory role of PEDF, directly or indirectly, on LD movement.
Restoration of PEDF in the more aggressive PC-3 cells resulted in a significant increase in
Kinesin 5B protein levels; however, in Drosophila, an increase in kinesin-1 levels was not
associated with elevated LDs velocities or a change in travel distance (51, 66). A more
recent model system supported the possibility of detachment of motor protein, kinesin-1,
during “traffic jam” situations (67), while another study discovered kinesin in hepatocytes
controls both triglyceride secretion as well as LD transport (37). Additional studies are
required to better understand the relationship between LD velocity and motor proteins in
tumor cells and whether one function of kinesin in cancer metabolism is related to
triglyceride secretion.

In this study, we investigated whether LD velocity and displacement correlate with a more
aggressive cancer cell phenotype by testing a spectrum of cancer cell lines (prostate, breast,
and pancreatic) derived from low aggressive tumors and higher aggressive or metastatic
tumors. We used BODIPY staining for all experimental groups (68). We found a consistent
pattern whereby the aggressive cell lines exhibited significantly higher LDV (LDVmax) and
displacement (Dmax) than the low aggressive or normal epithelial cells. Surprisingly, the
most aggressive cells from all three different cell types had similar values for LDVmax
suggesting the possibility that acceleration of LDV has an upper threshold in cancer cells,
perhaps limited by the availability of functional molecular motor proteins or the complexity
of the MT network. Lipid droplets utilize microtubules to facilitate transport of cargo
proteins within the cytoplasmic compartment (69) and we observed that more aggressive
cells had directionality and often formed doublets. To determine whether the longer distance
and directional movement of LDs was a potential consequence of morphology of the MTs,
we studied the distribution of MTs using special imaging programs. We found that the
complexity of the microtubule network was higher in the aggressive prostate cancer cells
compared to normal epithelial cells. The MT length was longer and there was the presence
of “intersections” which been recognized to influence cargo transportation patterns (70). In
summary, this study identifies new bioactivities for V-ATPase and PEDF as modulators of
LDV. Given the consistency of higher LDV across various aggressive or metastatic cancer
cell lines, additional testing of LDV in primary and metastatic cancer cells could prove to be
beneficial in understanding the signaling mechanisms for accelerated LD trafficking in the
TME.

Lab Invest. Author manuscript; available in PMC 2020 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nardi et al. Page 13

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgements

We would like to thank Drs. Chuhan Chung and Carole Vogler for helpful discussions, Dr. Jane McHowat for
sharing cell lines, and Dr. Lijun Huang, Mona Cornwell and Shannon Kispert for technical assistance.

List of abbreviations

AR androgen receptor
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FFAs free fatty acids
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H* proton

LD lipid droplet

LDV lipid droplet velocity
LDVmax maximum lipid droplet velocity
MMP-9 matrix metalloproteinase 9
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PCa prostate cancer

PEDF pigment epithelium-derived factor
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TAG triacylglycerol
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Figure 1. LD density in prostate benign epithelial, low-aggressive and highly aggressive cancer
cells.
(A) Lipid droplets (LDs) were stained with BODIPY (green staining) in cultured benign

prostate epithelial cells (NHPrEL), lower aggressive prostate cancer (PCa) LNCaP cells, and
higher aggressive PCa PC-3 cells. Scale bars: 10 um. (B) The total number of LDs was
counted per single cell. n=50. (C) LD size defined by their cross-sectional area was
calculated in NHPrg1, LNCaP, and PC-3 cells. n=50. (D) Human normal prostate, lower and
higher grade PCa with Gleason Score 6 (GS 6) and 9 (GS 9) tissues were stained for adipose
triglyceride lipase (ATGL)-positive LDs (arrows and arrowhead, brown staining). Scale bars:
20 pm. Scale bar insert: 5 pm. (E) The ATGL-positive LD density was assessed in normal
prostate epithelium, benign prostate hyperplasia (BPH), GS 6, GS 7, and GS 8-9 prostate
cancer (PCa) tissues. n=128. (F) The cross-sectional area of LDs was calculated in normal
epithelial cells, GS 6, and GS 9 PCa tissues. Values are mean + SEM. Student’s unpaired t-
test. *P<0.05, **P<0.01, ***P<0.001.
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Figure 2. LDVmax and Dmax areincreased in aggressive cancer cellsand they depend on an
intact M T-network.

LDs were stained with BODIPY and (A) their maximum velocity (LDVmax) was calculated
in NHPrE1, LNCaP and PC-3 cells, breast benign epithelial cells (MCF10A), non-metastatic
(MCF-7) and metastatic (MDA) cancer cells, and in pancreatic (PANC-1) cancer cells. (B)
The maximum displacement (Dmax), defined by the longest vector of displacement from the
point of origin in a track, was assessed in NHPrE1, LNCaP and PC-3 cells. (C) The
proportion of directional movement was evaluated in benign and PCa cells. (D) Non-
directional movement of an LD in a PCa cell as indicated by the non-linear trajectory (black
arrow: starting point; red arrow: ending point). (E) Directional movement of an LD in a PCa
cell up to for approximately 2/3 of its length (asterisk) as represented by the linear trajectory
(black arrow: starting point; red arrow: ending point). (F) Non-directional movement was
assessed using a non-quadratic mean square displacement (MSD) plot. (G) Directional
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movement was assessed using a quadratic MSD. n=50.Values are mean + SEM. Student’s
unpaired t-test. **P<0.01, ***P<0.001.
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Figure 3. PEDF suppresses LDVmax in prostate cancer cells.
(A) PEDF (50 kD) levels were analyzed by western blot in NHPrE1, LNCaP, and PC-3 cells

and normalized by GAPDH (37 kD). NHPrE1, LNCaP, and PC-3 cells were treated with 10
nM purified PEDF protein for 24 h and (B) LDVmax and (C) Dmax were measured and
compared to the untreated cells (CTR). (D) The total number of LDs was counted per single
cell in NHPrE1, LNCaP and PC-3 cell lines with or without PEDF treatment. n=50. Values
are mean + SEM. Student’s unpaired t-test. *P<0.05, **P<0.01, ***P<0.001,
****P<(,0001.
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Figure 4. LD movement and localization are dependent on V-ATPase in prostate cancer cells.
(A) V-ATPase (ATP6V1E1) (26 kD) levels were analyzed by western blot in NHPrE1,

LNCaP, and PC-3 cells and normalized by GAPDH (37 kD). NHPrE1, LNCaP and PC-3
cells were treated with 7.1 nM HCI with or without 1 nM Bafilomycin Al (Baf.) and (B)
LDVmax and (C) Dmax were measured and compared to the controls (CTR). (D) LDs were
stained with BODIPY (green) in PC-3 cells control and treated with 7.1 nM HCI with or
without 1 nM Bafilomycin Al (PC-3 pH and PC-3 pH + Baf. Al) in order to analyze their
intracellular localization (arrowhaeds: LD clusters; red boxes: single LDs; blue box: double
LDs). Scale bars: 10 um. (E) PC-3 cells control (PC-3 CTR) and treated with 7.1 nM HCI
(PC-3 pH) were stained with anti-MMP-9 antibody (red) and BODIPY (green) in order to
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visualize the intracellular localization of MMP-9 protein and LDs (arrow: LD without
MMP-9; arrowheads: co-localization between LD and MMP-9). Scale bars: 10 um. n=50.
Values are mean = SEM. Student’s unpaired t-test. *P<0.05, **P<0.01, ***P<0.001,
****P<(),0001.
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Figure5. MT architecture of PCa cellsrevealslonger M Tswith directionality.
(A) In NHPrE1 and PC-3 cells, MTs were stained with a-tubulin (black and white channel)

and a MT filament analyzer was used to reconstruct the length and directionality (different
colors) of the MTs. Scale bars: 10 um. (B) The MT length (um) was measured in aggressive
PC-3 cells and compared to NHPrE1 cells. n=50. Aggressive PC-3 cells were treated with 5
UM Nocodazole (Noco) for 4 h and (C) LDVmax and (D) Dmax were measured and
compared to the controls (CTR). (E) Kinesin 5B levels were quantified in NHPrE1, LNCaP,
and PC-3 cells after normalization by GAPDH. (F) Kinesin 5B levels were quantified in
PC-3 control (CTR) and PC-3 treated with PEDF after normalization by GAPDH. Values are
mean + SEM. Student’s unpaired t-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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