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Abstract

Early stages in tumor development involve growth in confined spaces, where oxygen

diffusion is limited and metabolic waste products accumulate. This hostile microenviron-

ment imposes strong selective pressures on tumor cells, leading eventually to the

survival and expansion of aggressive subclones that condition further tumor evolution.

To model features of this microenvironment in vitro, a diffusional barrier can be

introduced in the form of a coverslip placed on top of cells, a method termed coverslip

hypoxia. Using a variant of this method, with larger volume between coverslip and cells

and with oxygen diffusion occurring only through a small hole in the center of the

coverslip, we have visualized alterations in LNCaP tumor cells as a function of their

distance to the oxygen source at the center. We observed remarkable morphological

changes in LNCaP cells as the distance from the center increases, with cells becoming

highly spread, displaying dynamic membrane protrusions and occasionally adopting a

migratory phenotype. Concomitantly, cells farther from the center displayed marked

increases in the hypoxia marker hypoxyprobe, whereas extracellular pH decreased in the

same direction. Cells with altered morphology displayed prominent increases in fibrillar

actin, as well as swollen mitochondria with distorted cristae and accumulation of neutral

lipid‐containing intracellular vesicles. These results show that an in vitro microenviron-

ment that models diffusional barriers encountered by tumors in situ can have profound

effects on tumor cells. The coverslip hypoxia variant we describe can be used to

characterize in vitro the response of tumor cells to environmental conditions that play

crucial roles in early tumor development.
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1 | INTRODUCTION

The tumor microenvironment is markedly distinct from normal tissue

microenvironments. In epithelia, initial tumor growth is limited by the

basal lamina, which prevents access to the underlying stroma, where

blood vessels serve as the source of oxygen and nutrients (Gatenby &

Gillies, 2004). Oxygen diffusion in the extracellular medium is limited,

with an estimated 200 μm as the distance between a cell and the nearest

capillary at which hypoxia ensues (Olive, Vikse, & Trotter, 1992). As a

consequence, central regions in early tumor masses distant from the

vasculature develop hypoxia and also acidosis, as cells switch from

oxidative phosphorylation to glycolysis (Gillies & Gatenby, 2007;

Helmlinger, Sckell, Dellian, Forbes, & Jain, 2002). Hypoxia and acidifica-

tion impose strong selective forces on tumor evolution, favoring the

emergence of tumor subclones with more invasive phenotypes (Gillies &

Gatenby, 2007; Gillies, Raghunand, Karczmar, & Bhujwalla, 2002; Lloyd
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et al., 2016). In vitro, regional variations in oxygen availability and

extracellular pH mimicking the early tumor microenvironment can be

reproduced in three‐dimensional culture systems, such as tumor

spheroids, which beyond a certain size develop hypoxia and acidification

in their central regions (Alvarez‐Pérez, Ballesteros, & Cerdán, 2005;

Laurent et al., 2013). However, despite the development of new

techniques, such as light sheet fluorescent microscopy, visualizing

noninvasively the deep regions within tumor spheroids remains challen-

ging (Pampaloni, Ansari, & Stelzer, 2013). An alternative approach is to

place a coverslip on top of a cell monolayer, so that oxygen can only

diffuse through the narrow space between the cells and the edges of the

coverslip, a method termed coverslip hypoxia (Pitts & Toombs, 2004).

Using this method in combination with oxygen‐sensitive green fluor-

escent protein (GFP) fluorescence shifts, it was shown that oxygen levels

in cells under coverslips decreased from the edges toward the center of

the coverslip (Takahashi & Sato, 2010). In this study, we have used a

variant of coverslip hypoxia to visualize the response of tumor cells to

changes in their microenvironment similar to those encountered during

early tumor development. To minimize effects because of reduced

medium volume (Pitts & Toombs, 2004), we increased the volume

between the cells and the coverslip on top, and we also changed the

location of the oxygen source to a small hole in the center of the

coverslip, so that oxygen availability would be reduced toward regions at

the periphery of the coverslip. Using the LNCaP prostate cancer cell line,

we have observed a strong increase in the hypoxia marker hypoxyprobe

(Laurent et al., 2013; P. Liu et al., 2014) as the distance toward the center

of the coverslip increases, accompanied by concomitant extracellular pH

decreases and by dramatic morphological, ultrastructural, and dynamic

changes. Our results further support the use of the coverslip hypoxia

method as a simple but revealing approach to model the oxygen diffusion

restriction of the early tumor microenvironment and its effects on the

tumor cell phenotype.

2 | MATERIALS AND METHODS

2.1 | Coverslip hypoxia variant

Instead of placing a coverslip directly on the top of a cell monolayer,

we cultured cells in the wells of 35‐mm glass bottom dishes (Cellvis,

Mountain View, CA) and covered the wells with coverslips. The wells

were 20mm in diameter and 1mm in depth. We used custom square

acrylic coverslips, 24mm in width and 2mm in thickness, with

a 1‐mm wide square hole in the middle made with a laser cutter. As

the well diameter is smaller than the coverslip, the well becomes

sealed at its outer edge when the coverslip is slightly pressed against

the floor of the glass bottom dish, leaving the square hole in the

middle of the coverslip as the only expected source of oxygen. The

coverslip hypoxia variant is schematically depicted in Figure 1a.

2.2 | Cell culture and coverslip hypoxia treatment

LNCaP prostate cancer cells (ATCC, Manassas, VA) were maintained

in (Roswell Park Memorial Institute) RPMI 1640 supplemented

with 10% fetal bovine serum and penicillin/streptomycin. A total of

105 cells were plated in the well of a 35‐mm glass bottom dish,

allowed to attach for 24 hr, then the well was covered with a

coverslip and after another 24 hr cells were observed.

2.3 | Cell staining, extracellular pH visualization,
and confocal microscopy

For fixed cell staining, cells were fixed 10min with 4% paraformalde-

hyde, washed in phosphate‐buffered saline, permeabilized with 0.1%

Triton X‐100, and stained for 30min with Alexa Fluor 488 phalloidin or

for 15min with Nile red (both from Invitrogen, Waltham, MA). To

visualize mitochondria, live cells were stained with the mitochondrial

probe Mitotracker (Invitrogen), at a final concentration of 200 nM in the

medium . For hypoxia staining, we used a hypoxia detection kit

(Hypoxyprobe, Burlington, MA), in which cells under coverslips were

incubated with the hypoxia marker pimonidazole for 2 hr at a final

concentration of 200 μM in the medium . Next, cells were fixed and

permeabilized as before, blocked with 3% bovine serum albumin, and

stained with an antibody that recognizes pimonidazole adducts

conjugated to DylightTM 549 fluorophore. Nuclei were stained with

4′,6‐diamidino‐2‐phenylindole (Invitrogen). We visualized changes in

extracellular pH by adding to the medium the pH‐sensitive fluorescent

dye bis‐carboxyethylcarboxy‐fluorescein‐free acid (BCECF‐free acid;

Biotium, Fremont, CA), at a final concentration of 5 μM. Cells were

visualized with a Zeiss LSM 800 confocal microscope.

2.4 | Time‐lapse imaging

Time‐lapse images of migrating LNCaP cells were acquired at 5min

intervals by phase‐contrast microscopy, using a ×10 objective and a

Nikon Diaphot inverted microscope. Time‐lapse images of dynamic

protrusions were acquired at 2.5–5 s intervals by differential

interference contrast microscopy (DIC), using a ×40 objective and a

Zeiss LSM 800 confocal microscope.

2.5 | Transmission electron microscopy

Cells were seeded in the Aclar film inside 35‐mm culture dishes, and

after the coverslip treatment, they were fixed by adding glutaraldehyde

to the cell medium at 2.5% final concentration, for 30min at 37°C. Cells

were further processed for flat embedding and ultramicrotomy, as

described previously (Jiménez‐Riani et al., 2017), and ultrathin sections

were observed with a Jeol JEM1010 transmission electron microscope.

3 | RESULTS

3.1 | Effect of a coverslip hypoxia variant on
LNCaP cell morphology, hypoxic state, and
extracellular pH

We modified previous versions of the coverslip hypoxia method by

culturing cells in the wells of 35‐mm glass bottom dishes and sealing the
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wells with coverslips larger than the diameter of the well. The coverslips

have a small hole in the center, and therefore cells inside the well at

increasing distances from the center are expected to become

progressively more hypoxic (Figure 1a). When we cultured the LNCaP

cells inside the wells and placed a coverslip for 24 hr, we observed

marked morphological changes as the location of the cells moved

farther away from the center (Figure 1b). Cells became markedly more

flattened, often with abundant protrusions, compared with the rounded

cell shape observed in control cells and in many cells close to the center

of the well. Next, we used the hypoxia marker pimonidazole, which

forms adducts predominantly with thiol‐containing proteins in condi-

tions of pO2 < 10mmHg, which can then be detected by immuno-

fluorescence (Raleigh, Chou, Arteel, & Horsman, 1999). After 24 hr of

coverslip treatment, we detected a strong gradient of fluorescence

intensity, increasing markedly toward the periphery of the well

(Figure 2). Therefore, this modified coverslip hypoxia method can be

used to induce increasing levels of hypoxia as cells move farther away

from an oxygen source. Next, we asked whether these increased levels

of hypoxia would translate into a more acidic extracellular pH,

presumably by shifting cell metabolism toward anaerobic glycolysis

(Helmlinger et al., 2002). We used the pH‐sensitive, cell‐impermeant

probe BCECF‐free acid, which decreases its fluorescence emission

intensity with decreasing pH (Athmann et al., 2000). Again, after 24 hr

of coverslip treatment, we observed a center to periphery gradient, with

BCECF‐free acid fluorescence intensity decreasing markedly at the

periphery (Figure 3), indicating that extracellular pH becomes more

acidic in the region where cells display stronger hypoxia signals.

Taken together, our results show that this simple coverslip

hypoxia variant, applied to LNCaP cells, can be used to create a

microenvironment where cells become more hypoxic and extra-

cellular pH decreases as the distance from an oxygen source

increases.

3.2 | Alterations in LNCaP cells ultrastructure
induced by the coverslip hypoxia variant

The morphological change we observed in LNCaP cells after coverslip

treatment was accompanied by a marked increase in fibrillar actin

staining, with actin fibers often extending throughout the whole

cytoplasm, a pattern not seen in cells close to the oxygen source

(Figure 4a). Hypoxia has been shown to cause alterations in

mitochondrial morphology and to increase the accumulation of lipid

droplets containing neutral lipids (X. Liu & Hajnóczky, 2011; Mylonis

et al., 2012). After coverslip treatment, LNCaP cells in the periphery of

wells showed remarkably rounded and swollen mitochondria, as seen

by staining with the mitochondrial probe Mitotracker (Figure 4b). Also,

F IGURE 1 A variant of the coverslip hypoxia method. (a) Schematic of the method used, in which a thick coverslip with a small square hole in
the middle completely covers the cell containing well of a 35mm glass bottom dish, sealing the outer edge of the well. The hole in the middle of
the coverslip is expected to be the only source of oxygen for cells. (b) Morphological change of LNCaP cells as their distance to the oxygen

source increases. Scale bar = 50 μm [Color figure can be viewed at wileyonlinelibrary.com]
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LNCaP cells in the periphery showed marked accumulation of neutral

lipid‐containing droplets (Figure 4c), detected by Nile red staining

using excitation and emission at 510/582 nm, corresponding to the

interaction of this dye with neutral lipids (Greenspan & Fowler, 1985).

These results were confirmed by transmission electron microscopy,

showing that cells in the periphery of wells with coverslips had swollen

mitochondria, often with remarkably convoluted crystae and an

electron‐dense intermembrane space, and also displayed abundant

lipid droplets (Figure 5). Therefore, as the distance from the oxygen

source increases, cells undergo marked ultrastructural changes

consistent with a hypoxic phenotype.

3.3 | Changes in protrusion dynamics and cell
migration induced by the coverslip hypoxia variant

The remarkable change in cell shape shown by LNCaP cells after

coverslip treatment suggested that in this condition, dynamic

behaviors such as extension and retraction of protrusions and cell

migration might be increased. LNCaP cells under normoxic

conditions displayed relatively quiescent protrusions and very

limited motility, whereas cells after coverslip treatment showed

more dynamic protrusions, including examples of membrane

ruffling, and even formation of lamellipodia and active cell

F IGURE 2 Gradient of the hypoxia

marker pimonidazole. (a) Pimonidazole
adduct staining (orange), in the center and
the periphery of the well (DAPI staining of

nuclei shown in blue). Scale bar = 20 μm.
(b) A stitched image showing pimonidazole
adduct staining from the center of the well

to the periphery. Scale bar = 500 μm.
DAPI: 4′,6‐diamidino‐2‐phenylindole
[Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 Decrease in extracellular pH
as the distance from the oxygen source

increases. Representative images from
the same well show fluorescence of the
cell‐impermeant BCECF‐free acid, which

decreases markedly at the periphery of the
well. Scale bar = 20 μm. BCECF:
bis‐carboxyethylcarboxy‐fluorescein
[Color figure can be viewed at
wileyonlinelibrary.com]
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migration (Figure 6; Videos S1–S3). Therefore, the microenviron-

ment generated by the coverslip hypoxia variant provides cues

that stimulate an increase in the dynamic behavior of LNCaP

cells.

4 | DISCUSSION

In the present study, we have modified the coverslip hypoxia method,

and we have shown that in combination with the use of LNCaP cells,

F IGURE 4 Cytoplasmic alterations of
LNCaP cells as the distance from the

oxygen source increases. (a) Actin staining.
(b) Mitochondrial staining. (c) Nile red
staining of neutral lipid droplets. Scale
bar = 20 μm [Color figure can be viewed at

wileyonlinelibrary.com]
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our variant of this method generates a microenvironment where cells

become more hypoxic, extracellular pH becomes more acidic, and cell

morphology becomes increasingly altered as the distance from the

oxygen source increases. Moreover, cells in more hypoxic regions

show distorted mitochondrial morphology and lipid droplet

accumulation, which are ultrastructural alterations associated with

hypoxia, and also increases in protrusive activity, and, in some cases,

in migratory activity as well.

After 24 hr of coverslip treatment, LNCaP prostate cancer cells

become markedly positive for pimonidazole staining at increasing

F IGURE 5 Ultrastructure of LNCaP

cells at the periphery of wells with
coverslips. (a) Lipid droplets (arrowheads)
close to mitochondria (arrows).

(b) Convoluted mitochondrial crystae and
electron‐dense intermembrane space
(arrows). Scale bar = 1 μm

F IGURE 6 Dynamic behavior of LNCaP

cells. (a) DIC images of LNCap cells under
normoxic conditions (left) and in the
periphery of wells covered with coverslips
(right), showing distinct types of

protrusions (see also Videos S1 and S2).
Scale bar = 20 μm. (b) Composite of
phase‐contrast images of a migrating

LNCaP cell at the periphery of a well
covered with a coverslip, showing a
polarized, migratory morphology, and

active cell motility (see also Video S3).
Scale bar = 10 μm. DIC: differential
interference contrast microscopy [Color

figure can be viewed at
wileyonlinelibrary.com]
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distance from the oxygen source at the center of the coverslip. In

patients with prostate cancer that received pimonidazole before

prostatectomy, it was found that strong pimonidazole adduct

staining was associated with higher clinical stage and with lymph

node metastasis (Ragnum et al., 2015). Moreover, in that study,

pimonidazole‐positive tumors showed increased expression of

hypoxia‐related genes. Among them was hypoxia‐inducible lipid‐
droplet‐associated, also known as HIG2, and recent results have

shown that this gene plays key roles in promoting the formation of

lipid droplets in hypoxia and in inhibiting fatty acid oxidation in

hypoxic cells, a metabolic shift that is crucial for their survival

(Zhang et al., 2017). Our results, showing high pimonidazole

adduct staining and lipid droplet formation in LNCaP prostate

cancer cells after coverslip hypoxia, are therefore consistent with

in vivo results of prostate cancer biopsies that also show high

pimonidazole staining and induction of genes essential for lipid

droplet formation.

Hypoxia has been shown to stimulate cell motility, and, in

particular, it can promote the dissemination of individual cells and

metastatic spread (Lehmann et al., 2017). In tumor xenografts, it has

been observed that areas with high pimonidazole adduct staining are

the source of cells that subsequently migrate toward blood vessels,

leading to both local recurrence and eventual metastatic dissemina-

tion (Harada et al., 2012). These in vivo results are also consistent

with the induction of the protrusive activity and the cell motility that

we have observed in our coverslip hypoxia variant.

A lowered extracellular pH is an important component of the

tumor microenvironment, and several lines of evidence suggest that

it is related to metastatic potential (Kato et al., 2013). Our coverslip

hypoxia variant, showing lowered extracellular pH in regions

corresponds to higher pimonidazole adduct staining, recapitulates

therefore another important feature of the tumor microenvironment

and has the potential to contribute to the study of how hypoxia and

lowered extracellular pH, among other factors, combine to promote

tumor aggressiveness.

In conclusion, we have shown that a variant of the coverslip

hypoxia method can create a progressively more hypoxic and

acidified microenvironment as the distance from an oxygen source

increases and that LNCaP prostate cancer cells in this microenviron-

ment not only become hypoxic but also undergo remarkable

morphological, ultrastructural, and dynamic transformations. This

coverslip hypoxia variant can, therefore, be a useful method to model

critical features of the tumor microenvironment and to study the

links between tumor microenvironment and tumor development and

evolution.
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