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ABSTRACT

Scanning (SEM) and transmission electron microscopy (TEM) were used to characterize the cytotoxic effects
of ascorbate (VC), menadione (VK3), or a VC:VK; combination on a human prostate carcinoma cell line (DU145)
following a 1-h vitamin treatment and a subsequent 24-h incubation in culture medium. Cell alterations
examined by light and electron microscopy were treatment-dependent with VC + VK;>VK;>VC>Sham.
Oxidative stress-induced damage was found in most organelles. This report describes injuries in the tumor cell
nucleus (chromatin and nucleolus), mitochondria, endomembranes, lysosomal bodies (autophagocytoses) and
inclusions. Morphologic alterations suggest that cytoskeleton damage is likely responsible for the superficial
cytoplasmic changes, including major changes in cell shape and size and the self-excising phenomena. Unlike
apoptotic bodies, the excised pieces contain ribonucleoproteins, but not organelles. These deleterious events
cause a progressive, significant reduction in the tumor cell size. During nuclear alterations, the nuclei maintain
their envelope during chromatolysis and karyolysis until cell death, while nucleoli undergo a characteristic
segregation of their components. In addition, changes in fat and glycogen storage are consistent the cytotoxic
and metabolic alterations caused by the respective treatments. All cellular ultrastructural changes are consistent
with cell death by autoschizis and not apoptosis or other kinds of cell death.
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Prostate cancer is one of the most frequently diag-
nosed cancers in males throughout the world [1-3].
In the US or European countries, it is already the
second leading cause of cancer-related mortality [3]
and its frequency and mortality rate has increased
over the past 40 years. Advances in screening and
diagnosis have allowed detection of the disease in the
early stages and led to the development of therapeutic
options that can be curative including surgery and

radiation [4,5]. However, for late-stage disseminated
disease, current therapies are merely palliative [6].
For example, while androgen ablation (the first line
of treatment for patients with prostatic carcinoma)
[7] produces a good initial response in 80-90% of
patients with metastatic disease, remissions last
only 2-3 years and then the patients progress to
an androgen-insensitive phase of disease with a
worse prognosis. Likewise, chemotherapy, the
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second line of treatment, produces a subjective,
short-term improvement and is not well tolerated
by the patients [8]. These shortcomings call atten-
tion to a need for developing of an effective and
efficient regimen for treating hormone-independent
prostate cancer [9].

Previous studies have evaluated the antitumor
activity of ascorbate (vitamin C or VC) and mena-
dione alone (vitamin K; or VKj). Furthermore, the
antitumor activity of a VC and VK; combination has
been evaluated against a series of human carcinomas
cell lines, including DU145, which is an androgen-
independent prostate cancer cell line. In those
studies, the VC and VK3 combination exhibited
higher cytotoxic action than either vitamin alone
[10-44]. In the DU145 cell line, the mechanism of
the cytotoxic and anticancer action of VC:VK; were
also studied using electron microscopy, flow cytome-
try as well as molecular techniques [18,29,35,36].
Subsequently, the in vivo antitumor activity of the
VC and VK; combination was examined in nude mice
[14,15,28,40].

In this report, SEM and TEM have been
employed to examine the cytological changes and
damage induced by the in vitro exposure of DU145
cells to ascorbate and menadione in order to better
understand the vitamin-induced, ultrastructural,
cytotoxic changes observed in treating DU145
xenotransplants in nude mice that were observed
in another study. Specifically, descriptions of the
changes in overall cell morphology and the cell
surface are followed by descriptions of the changes
in the nucleus and nucleolus, the mitochondria, the
lysosomes and other subcellular components and
inclusions. While other forms of cell death can
occur in vitro in the bladder [19,21,22] and ovarian
carcinomas [23-27] as well as in the solid xeno-
transplants [40,41], the major consequences of this
cell damage are tumor cell shrinkage and cell death
primarily by a process we named autoschizis
[19,21,22,28,32,43].

MATERIALS AND METHODS
The cell line

Human prostate carcinoma (DU145) cells were pur-
chased from the American Type Cuture Collection
(ATCC, Rockville, MD). After reception of the frozen
cells, they were thawed and centrifuged at 1000 rpm
for 10 min. Following removal of the supernatant,
DU145 cells were resuspended in 90% Minimum
Eagle Medium (MEM, Eagle; Gibco Labs, Grand
Island, NY) supplemented with 10% Fetal Bovine
Serum (FBS) and 50pg/mL gentamycin sulfate
(Sigma Chem Co, St Louis, MO) and cultured at
37°C in 5% CO,. Ascorbate sodium (VC) and
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menadione bisulfite (VK3) were purchased from
Sigma Chemical Company (St Louis, MO) and were
dissolved in phosphate-buffered saline (PBS) to create
8000 uM VC, 500 pM VK3 and 8000 uM VC/80 uM VK;
test solutions.

Treatment of cells

Two 12-mm circular glass coverslips or two 100-mesh
gold grids were placed in a 35mm Petri dish. Each
dish was seeded with 1.0 x10° DU145 cells sus-
pended in MEM containing 10% FBS. After 24-h
incubation at 37 °C in 5% CO,, the MEM was removed
and cells were washed once with 3mL of PBS (pH
7.2). Cells were then overlaid with either 6007 uM
ascorbate sodium (VC), 77.2 uM menadione bisulfite
(VK3), or VC:VK;3 mixture (312 uM: 3.1 uM) combina-
tion. These values correspond to the CDsy doses
for the vitamins following a 1h exposure time as
determined by a microtetrazolium (MTT) assay
[18,29,35,36].

Collection of cells for microscopic
examination

MEM-treated cells were used as the Sham-treated
control. After 1h of incubation at 37°C and 5% CO,,
the supernatant was removed and the cells were
rapidly washed twice with 3mL of PBS. Glass
coverslips and grids covered by DU145 cells were
transferred to another Petri dish with two 100-mesh
gold grids to be examined with SEM. The DU145
cells that adhered to Petri dishes following all
treatments were harvested by soaking them free
from the monolayer with No-Zyme (JRH Bioscience,
Lenexa, KS), centrifuged at 1000rpm for 10min
and then prepared for transmision electron micro-
scopy (TEM).

Scanning electron microscopy

After each of the treatments, the DU145 cells were
fixed at room temperature (18°C) for 1h by immer-
sion in 3.2% glutaraldehyde-buffered solution (0.1 M
Na cacodylate, pH 7.32). After two rapid rinses
in sucrose cacodylate buffer (5C), the samples were
post-fixed for 30min at room temperature in 1%
aqueous osmium tetroxide:ruthenium tetroxide (1:1).
Following fixation, the samplers were washed
four times in SC buffer and dehydrated through
graded ethanol. Critical-point drying and sputter-
coating were performed as described in [18].
Gold-coated samples were observed with a Jeol
JSM-35C SEM set at 15kV emission of accelerating
voltage.
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Transmission electron microscopy

The pelleted cells and the cells on coverslips were
washed in SC buffer before they were dehydrated by
graded ethanol and embedded in PolyBed epoxy resin
(Polysciences, Warrington, PA). Sections of 1pm in
thickness were stained by toluidine blue, and selected
areas were ultrathin cut of about 400-550 nm thick-
ness, collected on 75- and 100-mesh hexagonal copper
grids (SPI Supplies, West Chester, PA). The sections
were then contrasted by uranyl acetate and lead
citrate prior to examination in the Jeol 100S transmis-
sion electron microscope operated at an accelerating
voltage of 80kV.

RESULTS

Fine structure of Sham or untreated nega-
tive control DU145 cells: Figures | (A-C),
2(A-C), and 3(A-F)

Figure 1 illustrates SEM views of aggregated and
overlapping DU145 cells as they appear in culture.
These cells are often pleiomorphic, polygonal and
nearly confluent with some spherical shapes (due to
cell division) with diameters ranging from 12 to
17 pm. In this effect, tumor cells exhibit a squamous
aspect and, when stretched on the culture support,
can reach diameters up to 25 to 35 pm. Detailed views
of their abundant microvilli and interdigitating,
corrugated lamellipodia-like extensions of the surface
are observed in Figure 1(B) and (C). Even though
troughs or crevice-like spaces seem to separate
adjacent cells (Figure 1C, and in the A area of Figure
1A), the demarcation of each cell remains unclear and
some cell overlap or at least discrete contacts appears
to occur.

Figures 2(A-C) and 3(A-F) illustrate the TEM
aspects of Sham-treated DU145. Tumor cells can be
found in clumps and collected regardless of whether
they were cultured on cover slips or harvested and
pelleted for TEM. They resemble the aggregated
arrangements seen in SEM with intercellular spaces
and few to no specialized, intercellular, contacts.
While Sham-treated cells are pleiomorphic, they
maintain a semblance of a polygonal profile and
possess a uniform coating of simple to multifurcate
microvilli and/or filopodia which are 0.5 to 2.5 um in
length (Figures 2A, 3B—C and E). While the majority of
microvilli have a narrow root and tenuous stem, some
of the longest ones possess a wide, irregular-sized
base and tenuous extension(s). The complex cell coat
with multifurcate pattern often intermingles with the
cytoplasmic extensions of adjacent cells (Figure 2B).
Rare, specialized contacts are found in cytoplasmic
extensions less than 0.5pm in length (Figure 2C).
Finally, the cell membranes do not appear to show any

damage due to centrifugation or cell processing for
TEM, except for minute foamy whorls that rarely
decorates the cell profiles (Figures 2A, 3B and E).

The nuclei of Sham-treated cells appears spherical,
is usually deeply indented and resembles those in
found in xenotransplanted DU145 tumors in nude
mice [40]. The nuclear to cytoplasmic ratio is also high
(Figures 2A and 3A). In most cells, the nuclei are
euchromatic and contain a nucleolus that is large and
branching and is associated with one trough of the
invaginated envelope. Each nucleolus is rich in
nucleolar organizer centers or NORs which is char-
acteristic of highly active, transcribing cells. It is
common to find annulate lamellae in the perikaryal
areas (Figure 2D).

The most numerous cytoplasmic organelles are the
mitochondria which mingle with smooth and rough
endoplasmic reticulum (SER and RER) networks and
often appear as slender, branching, elongate to
cylindrical structures with a few cristae and pale
matrices (Figures 2A, E and 3A, F). It is quite
difficult to detect a Golgi apparatus as illustrated in
Figure 3(D). The numerous electron dense bodies
(d=0.2-2.5 um) distributed among other organelles in
the perikaryal areas likely represent the lysosomal
bodies. Many of the cells contain vacuoles of diverse
size (Figure 2A) located near glycogen patches and
round, lipid droplets (d=0.2-1.5pm). These lipid
deposits are found in the outermost regions of
the cell cytoplasm and occur either individually or
as doublets groups which fuse together (Figures 2A,
3A-C). The vacuoles themselves may be fatty deposits
which were extracted during the processing of the
samples. In some cases, at higher magnification, one
can see fatty storage droplets adjacent to or inside
glycogen patches (Figures 2A, 3B-C). Furthermore, in
some sections, it is possible to detect keratin filaments
near the edge of cells (Figure 3C) or within the
lamellipodia (Figure 3E). The glycogen patches are
numerous and appear as poorly contrasted areas of
the cytosol. Polyribosomes and isolated ribosomal
particles are observed throughout the same cyto-
plasm. It is not uncommon to find annulate lamellae
in the perikaryal areas (Figure 2D).

Injuries caused by ascorbate-
or VC-treatment in DUI145 cells:
Figures 1(D-F), 4(A-D), and 11(C)

SEM images illustrate that, in contrast with
Sham-treated DU145 cells which are pleiomorphic,
ascorbate-treated DU145 cells are more often spheri-
cal. VC-treated cells possess cell coats with numerous,
long microvilli (some reaching 2.5um in length) as
well as ruffles or shorter lamellipodia, while Sham-
treated cells exhibit by either club-shaped or round,
globular cell projections (Figure 1D-F).

Ultrastructural Patholooy
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FIGURE 1. A-J: SEM represents selected views of DU145 carcinoma cells following Sham- (A-C), VC (D- F), VK3 (G-H) and VC:VK3
(I-)) treatments. A-C: Sham-treated cells display a pavimentous morphology and are coated by innumerable microvilli and long,
narrow lamellipodia along the cell’s edges. These surface projections intermingle with each other adjacent cells. The scale in A is 5 pm,
while the scales in B-C are 1 pm. D-F: Ascorbate-treated cells exhibit a more spherical morphology and microvilli with pointed edges
(in D and F) and lamellipodia with bulbous ends. (E). Cell debris can be found adjacent to cells and coating their surfaces (in F).
The scale bar in D is 10 pm and in E-F the bar is 1 pm. G-H: VK3-treated cells are visible as either isolated cells or clumps of cells (G).
In H, one can see the heterogeneous cell surfaces of two adjacent cells. One cell displays a smooth surface with large blebs, while the
other cell possesses lamellipodia with bulbous, dilated ends and resembles the cells in pane E. The scale bar in G is 10 pm while
the scale in H is 1 pm. I-J: Cells obtained following exposure to the VC:VK3 combination. Pane I shows a self-excising cell attached to a
golden bar grid. Pane ] shows a cell undergoing autoschizis. The cell is self-excising large cytoplasm pieces like petals of a flower,
while the main cell covering is made of microvilli and lamellipodia. The scale bars in I and ] are 10 um.

© 2014 Informa Healthcare USA, Inc.
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FIGURE 2. A-C: TEM aspects of Sham-treated DU145 carcinoma cells. A: This low magnification micrograph demonstrates the
pleiomorphism and the high nuclear: cytoplasm ratio of these cells. The loose cells” aggregation shows poorly differentiated cell
junctions (curved arrows). Most contacts between cells are through intricate intermingling of the cell surface extensions. Notice the
deeply indented nuclei and their branching nucleoli, the mitochondria population, glycogen (gl) and fatty storage droplets (*). B-C:
Both panes shows perikaryal areas containing dispersed rough ER, ribonucleoproteins and glycogen and illustrate in B: A well-
contrasted, elongated and quasi-orthodox mitochondrion; in C: A typical annulate lamellae (al) adjacent to a large, low-contrasted
mitochondrion. Notice that the perinuclear space is filled with some fine, contrasted material. All scale bars equal 1 pum.

While the TEM views suggest that ascorbate-
treated cells are similar in size to Sham-treated, cell
remnants found in the intercellular spaces are
indicative of self-excisions. However, there were
not a sufficient number of cells available to verify
this phenomenon. As was the case in the SEM views,
VC-treated cells appeared more spherical than
the polygonal profiles seen in the Sham-treated cells
(Figure 4A-C). The cell coats of VC-treated cells were
highly variable with some cells exhibiting abundant

microvilli (Figure 4A-C), while others were devoid of
microvilli and showed only folded, smooth surfaces
(Figure 4B). In many cases, the cell surfaces demon-
strated smaller filopodia than the sham-treated ones.
The cells with smooth surfaces displayed only minute
distortions with the coating extensions less than 50 nm
in length.

Following ascorbate treatment, the nuclear profiles
did not show the deep invaginations that were seen
in Sham DU145 nuclei. Instead, the invaginations in

Ultrastructural Patholooy
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FIGURE 3. A-F: TEM views of organelles and storage products of sham-treated cells. A: This low magnification view of the tumor
cells illustrates their scant cytoplasm, indented nuclei, prominent nucleoli; glycogen patches and fat droplets that appear a small
vacuoles throughout the cytoplasm. B-C: Higher magnification views of fat (*) and glycogen deposits which are solitary or associated
with and within one another. In C arrow marks a thick bundle of cytokeratin filaments. D: An example of a small Golgi apparatus
which is usually poorly defined. E: This pane represents a thick cell extension with its cytokeratin cytoskeleton (arrow). F: This pane
shows a cytoplasmic glycogen patch surrounded by polysomes, smooth ER and mitochondria. All the scales in A-C are 1 um and the

scales in D to F equal 200 nm.

the round to oblong nuclear profiles were larger with
broader openings to the cytoplasm. Nucleoli can be
seen among a thin, marbled, euchromatic nucleo-
plasm. Sometimes, the nucleoli become associated
with the nuclear membrane near the invaginations as
if they were thick heterochromatin (Figure 4C).
In general, the nucleoli were more compact than
in the Sham cells. However, because of their branch-
ing morphology coupled with the random direction
of sectioning, their appearance may be highly
variable and range from strongly contrasted, dense
compact masses with innumerable, narrow interstices
(Figure 4A) to as compact masses which lack

© 2014 Informa Healthcare USA, Inc.

interstices, nucleolar organizer regions (NORs) and
dense fibrillar regions (Figure 4B).

Among the other organelles, the pale-contrasted
mitochondria stand out against the fine, ribosome-
rich, granulated and contrasted cytosol. Contrarily to
the Sham-treated cells, the mitochondria showed
almost wash-out cristae. Furthermore, majority of
the mitochondria exhibit whorl-like inner membrane
defects and contain electron dense deposits in their
matrices (Figure 4A-B). At higher magnification,
fields of ribosomes were seen in the cytoplasm.
In Figure 4(D), degranulated RER networks extends
into SER structures. Similarly, lysosomal bodies can be
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FIGURE 4. A-D: TEM views of VC-treated DU145 carcinoma cells. A-C: These panes contain examples of tumor cells with variably
contrasted cytoplasms containing small, spherical lipid droplets (*) and other variable sized, elongate or irregularly-shaped vacuoles.
Pale-contrasted mitochondria with visible intramatrical bodies and other cytoplasm fibrillar deposits (f) can also be seen. Immense,
swollen glycogen patches can be seen (gl) to be surrounded by ER cisterns. Lysosomal bodies (ly) of variable size, often, some
heterogeneous, contrasted bodies with some that may be under formation (straight arrows in B). Cell contacts are marked by small
curved arrows (e.g. in A and B). Pieces of cells (p) are scattered in the intercellular spaces. D: Mitochondria (m) with matrices
containing distorted cristae and highly electron contrasted, membranous whorls and contrasted deposits are visible. The area labelled
s—r illustrates a transition zone from smooth ER to RER. An innumerable amount of polyribosomes and ribonucleoprotein particles
are distributed unevenly in the cytoplasmic transition zone. All scale bars equal 1 um.

recognized as heavily contrasted, heterogeneous
bodies of diverse size (0.1-3.5um) with the largest
ones being found in the perikaryal areas. It is also
not uncommon to detect membranous whorls and
organelles organizing into autophagosome bodies,
even among the endomembranes of the RER-SER
(e.g. Figure 4B and D). In the same areas, secretory-
like vesicles containing a fine, fibrillar material can
also be seen (Figure 4B-C). Most cells still contain
a few, clear fatty deposits, but their content is often
partly or entirely extracted during the processing of
the samples (Figure 4A-D). These deposits can appear
as twin droplets (star label in Figure 4C) or can be
associated with a lysosomal body (Figure 4D).
In addition to those fatty droplets, a number of cells
display empty, membrane-lined vacuoles. The origin
of these vacuoles is unknown, but they may emanate

from the fusion of fatty deposits into enormous lakes
as suggested in the cells illustrated in Figure 4(C) or
from the outer nuclear envelope as empty and dilated,
damaged RER. Finally, there are enormous glycogen
patches in most cells. These unevenly contrasted
islands can contain small, highly contrasted, irregu-
larly-shaped membranous whorls among the glyco-
gen aggregates and can be interpreted as small
autophagosomes or SER membranous defects “sink-
ing” into those energetic reserves as those now
contain useless debranching enzymes (Figure 4B).
Some of the larger glycogen patches can appear
fuzzy and poorly contrasted which is suggestive that
some of their contents may have been depleted or are
being depleted as a food source by the treated cells.
In fact, in Figure 11(C) a typical example of glycogen
patch, partly digested after treatment can be shown.
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Injuries caused by menadione bisulfite-
or VK3-treatment in DU145 cells:
Figures 1(G-H), 5(A-F), 6(A-D), and 7(A-F)

SEM of VKj-treated cells reveals a high degree of
pleiomorphism. While this treatment usually induces
loss of cell- to- cell contacts and leads to separation
of the cells (Figure 1G), clumps of heterogeneous
aggregates can also be seen (Figure 1H). The nature of
these aggregates is difficult to ascertain using SEM

Prostate carcinoma cell death by autoschizis 123

and they may represent cell blebbing, cell fragments
or cells of a smaller size.

As noted in Figure 1(G), the treated cells are
extremely heterogeneous with respect to both cell size
and shape with cell shape ranging from flattened,
to spherical, oblong and even sausage shaped. This
wide variability suggests treatment-induced altera-
tions in the cellular cytoskeleton. Cells can appear as
enormous because of cytoplasmic flattening which
leaves large areas of the cytoplasm without organelles

FIGURE 5. A-F: TEM views of VK3-treated DU carcinoma cells with early nuclear changes. A: This pane illustrates the diversity of
cell shapes and sizes as well cells content following VK3-treatment. Note that nuclei are more round than lobed and they appear to
mirror the cell shapes. Scale equals 5 pm. B-F: These micrographs show nucleolar damage and their elevated electron dense contrast.
Pane B shows the apparent nuclear euchromaticity accompanied by a cytoplasm filled with highly contrasted organelles (see Figure 7).
These organelles are associated with concavities of the nuclear membrane. Scale is 1 um. Pane C is an enlarged view of B showing the
contrasted, marbled nucleolus which is mainly composed of its ribonucleoproteins. The chromatin associated with nucleolus is
heavily contrasted and also decorates the inner nuclear membrane as long dense patches. It seldom is seen as patches in the adjacent
nucleoplasm. The scale is 1 pum. Pane D depicts another condensed nucleolus with a sieve-like aspect, a round bulge of chromatin
(thick arrow) and irregularly-shaped, electron-dense patches punctate chromatin aggregates (curved arrows). Pane E is a higher
magnification image illustrating nucleolar condensation with small and large sieve-like nucleolar interstices. Note that chromatin
is extruding in radiating fashion from the nucleolus (thick arrows). A cell contact is seen (curved arrow) as well as a glycogen (gl)
patch, a lysosome and highly distorted and contrasted mitochondria (straight arrow). The scale is 1 um. Pane F shows a cell where the
nucleus contains some fibrillar patches; those replace the spheroid remnant of the nucleolus. Vacuoles and condensed mitochondria
are also visible. The scale is 1 pm.

© 2014 Informa Healthcare USA, Inc.
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FIGURE 6. A-D: TEM views of VK3-treated DU145 carcinoma cells show cell pleiomorphism with elongated and small size
cells containing round, elongated or lobed nuclei containing highly contrasted nucleolar masses. In pane A, the perikaryal areas
of the two cells doublet display an intracellular lumen (squared end arrow), numerous, small and oblong lysosomes with all
other highly contrasted, damaged organelles aggregated near the nucleus. Most of the remaining cytoplasm is filled by a crowded
mixture of elongate RER, ribonucleoproteins, fat droplets and glycogen particles. The nucleoli are condensed and adjacent
to the nuclear envelope. Their sieve-like appearance is due to the segregation of their components (see Figure 5 and text).
B: Enlarged view of some cells that reveals a variable shape and contrast. All nuclei reveal moth-eaten nucleoli and patches
of interchromatin granules [IGs] (open curved arrows). C: An example of condensed but altered reticulated-like nucleolus. IGs
are noted (curved arrows). The chromatin associated with the nucleolus displays an enhanced contrast after VK3 treatment and
appeared to have left the nucleolus to form nucleolonemal strands in the perinucleolar areas. D: Enlarged area of C that demonstrates
the heavily contrasted nucleolar reticulum with interstitial, fuzzy patches as well as several fragments of intranucleoplasmic
membranous strands (small arrows) which mingle in the nucleolar interstices. The scales in A—C equal 1 um and the scale in D equals
0.5 pm.
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FIGURE 7. A-F: TEM views of VK3-treated DU145 carcinoma cells that depict highly contrasted organelles and cells undergoing
autoschizic cell death. A: An example of large cell with highly contrasted nucleolus with segregating (heterochromatin) components
with less contrasted interstices. The chromatin appears as clumps outside the nucleolus and along the inner nuclear membrane.
IGs are uniformly, spread granules in the nucleoplasm. In the indented nuclear cove, which is usually managed by the centrosome,

continued
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other than ribosomes (Figure 5A). The fact that
abundant cellular debris can be found in the extra-
cellular spaces is consistent with self-excision events.
Heterogeneity is also apparent of the cell surfaces,
because some cells or portions of their surfaces
have microvilli which can reach 1.5-25um in
height, while others do not display any extensions
(Figure 1G-H).

VKj;-treated cell size decreased precipitously to less
than 10 pm in diameter through a series of cytoplas-
mic excisions (Figure 7C-F). In addition, these cells
underwent the typical nuclear and cytoplasmic
changes characteristic of autoschizic cell death
which ultimately led to chromatolysis. During this
process, the nucleolar components continued to
degrade along with the chromatin while a few altered
organelles are maintained in the perikaryal cyto-
plasm. Once the chromatolysis is completed, the
cytoplasm swells and is degraded and the nuclear
envelope is disrupted and its contents are dispersed
in the cytoplasm.

Electron micrographs obtained from many areas
of the 1-pm thick sections reveal many cell fragments
in the extracellular spaces as those described with
SEM (Figure 5A-C). A large percentage of these
VK;-treated cells also exhibit alterations in multiple
organelles that are characteristic of cytotoxicity and
are indicative of autoschizic cell death (Figure 6C-F).
For example, while the nuclei are often indented
(Figure 5A-C), the cells with most cytotoxic altera-
tions exhibit spherical nuclear profiles with wavy
membranes and depressions in the shape of
shallow grooves. This pattern is typical of proplasia
where the outline of the nuclear is “thrown into waves
or undulations” in an effort reach a maximal
area for its volume [54]. As a result of this treatment,
the nucleoplasm appeared euchromatic, but it
was not because the cells were synthetically
active because the nucleoli were compact and often
without any heterochromatin associated with them.

The micrographs in both Figures 5 and 6 illustrate
most of the nuclear changes induced by VKj
treatment. One of the initial changes entails the loss
of the contents of the nucleolar interstitial spaces
and the disappearance of the NORs. In Figure 5(B-C),
the heterochromatin lines the inner nuclear membrane
as a continuous rim except at the nuclear pores.

The nucleolar-associated chromatin appears to be
withdrawing from the body of the nucleolus and
coalesces with the chromatin along the inner
nuclear membrane (Figures 5C-E, 6B-C). As a result
of these heterochromatin (DNA) extrusions, the
densely-contrasted nucleoli appear to be perforated
by the round, pale staining interstices (Figures 5B-D,
6A-C, 7A). The vacuoles adjacent to the nuclear
envelope (Figure 5F) following VKj-treatment cells
are more typically observed following VC-treatment
(Figure 4A).

Following the extrusion of the heterochromatin,
nucleolar compaction can be preserved for a while but
ultimately is lost and the nucleoli are seen as fibrillar
bundles (Figure 5F) or with a thick, reticulated
morphology (Figures 6A-D, 7C-F). These nucleolar
changes are accompanied by the segregation the
fibrillar and granular components with the fibrillar
portion appearing as a loose, darkly contrasted
network. This contrast may be due in part to greater
osmium binding to the calcium which was attracted
as a counter ion to the menadione (Figure 6B-D).
Simultaneously, arrays of interchromatin granules
(IGs) appeared as punctuate dots (d<20nm) clus-
tered between heterochromatin clumps in the nucleo-
plasm (Figure 6B-C curved arrows), and similar
structures noted in Figure 7(A). IGs were also detected
following VC and VC:VKj treatments.

In other organelles, alterations were noted in the
mitochondria (Figures 6A-D, 7A-B) and the lyso-
somes exhibited altered morphology (Figures 6B,
7A-B). The elongated mitochondria were profoundly
distorted with distorted, narrowed matrices contain-
ing tiny granulations. The pleiomorphic mitochon-
drial matrices are caused by distorted inter
membranous space and elongated cristae (Figure 7B)
and somewhat condensed and contrasted matrical
spaces. The lysosomes often appeared either as onion
bodies with membranous contents or with flocculent
and granular content often detected as autophago-
somes or in process of becoming or making autopha-
gosomes (Figure 7A-B). In addition, both organelles
became highly contrasted following VKj treatment.
This enhanced osmiophilia also noted in the previous
paragraph is believed to be a function of a VKj;-
induced increase in Ca”" in the mitochondria inter-
num and the consequent accumulation of osmate

Continued

numerous diversely contrasted organelles are noted including: lysosomes, of heterogeneous size and content as well as fat deposits
and vacuolated bodies whose contents may have been extracted during processing for TEM. Other poorly differentiated cytoplasmic
areas contain some RER and free ribonucleoproteins. Cell pieces surround the cell. The scale equals 1 um. B: An enlarged area of the
perikaryal cytoplasm contains many electron contrasted organelles. The most contrasted organelles are lysosomal bodies which
appear as tightly- coiled round, onion bodies whose contents cannot be resolved. These lysosomes admixed with mitochondria that
are elongated, bent or warped and whose matrices are contrasted with a heterogeneous, speckled, filamentous, and grainy content
(e.g. arrows). The scale equals 200nm. C-F: A series of micrographs depicting the end-stage of autoschizic cell death. These panes
show self-excised cells with nuclei, a rim of cytoplasm and altered organelles. The most notable observation was their pale nuclei, with
degraded chromatin. After the nucleolar remnants disappeared, the nuclei swelled and final cell demise occurred in F after the nuclear

envelope ruptured. The scale is 5 pm.
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salts [45]. Typically, these highly-contrasted organelles
became congregated in a jumbled fashion near the
concave surface of an eccentric nucleus (Figure 6A-B)
via a disrupted microtubule tracts lead under the
direction of the centrosome. Likewise, the lysosomes
display almost the same osmiophilia as the mitochon-
dria with an intense contrast often obstructing
the view of their contents (Figures 5A-B, 6A—-C and
7A-B).

Other organelles can be observed throughout the
finely granular cytoplasm. Abundant rough and
SER were evident (Figures 5A, 7A), while Golgi
apparatus (Figure 5E) and intracellular lumina
(Figure 6A) are of small size and challenging to be
detected and only visible in some cell sections.
Many deposits of glycogen can appear as large
patches with widths of 5-8um (Figure 5E). Fatty
deposits in the form of droplets were detected as well
preserved (Figure 6A-C) or poorly preserved
(Figure 7A) due to extraction during the preparation
of the cells.

Injuries caused by ascorbate and menadione
bisulfite- or VC:VK3-treatment in

DUI145 cells: Figures 1(1-)), 8(A-E), 9(A-G),
10(A-E), 11(A-B), and 12(A-D)

SEM views reveal that VC and VKj; treatment
results in spherical cells (d <15 pm) which are smaller
than sham treated cells (Figure 11-J). These spherical
cell bodies are coated with extension exhibiting
widely diverse shapes. Large pieces of the cell
which are being excised surround the cell body
and resemble the petals of a flower (Figure 1J).
Other cellular debris can be observed around the
cells (Figure 1I).

As was the case with the SEM micrographs, TEM
micrographs demonstrate a reduction in cell size due
to self-excisions following exposure to the vitamin
combination. Likewise, there is an increased preva-
lence of cytoplasmic vacuoles. In addition, a smaller
number of cells were present following exposure
to the vitamin combination than in either single
vitamin treatment because of increased cytotoxicity
and subsequent loss of cell adherence to the substrate
(Figures 8C-D, 9E, 10A). Most cells that remained
contained a large nucleus with altered chromatin and
an altered nucleolus (Figure 8A-D).

Figure 8 demonstrates nuclei undergoing chroma-
tolysis, while nucleoli fragment and appear minute
contrasted patches alongside the heterochromatin
patches on the inner nuclear membrane (Figure 8A).
Other injuries include swollen mitochondria as well
as a rim of cytoplasm containing fatty deposits that
appear as droplets alongside injured nuclei. In some
cells (as noted in Figure 8A, C-D), large lysosomes
similar to those described after VK; treatment are
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visible (e.g. Figures 7A-B, 8A and E). In Figure 7(E)
isolated fibrillar deposits appear in some cells and
resemble aggresomes. Finally, most remaining large
tumor cells reveal glycogen patches with a moth-eaten
aspect (Figure 8C).

Figures 9 and 10 illustrate nuclear and nucleolar
alterations following a combined vitamin treatment.
In the selected cells, the nucleoplasms showed fine
granulation resulting from heterochromatin dilution
and disaggregation. In addition, some cells found
in the 1-um thick sections are binucleated which
confirms blockage in cell cycle described in [29].
Figure 9(A-D) shows the segregated components of
the nucleolus with a progressive condensation of the
granular component producing a huge mass with a
few sieve-like perforations caused by the interstices
or from where the chromatin was extracted (Figure
9A-B) to a ring-shape (Figure 9C) and/or an odd
topology as a football-shaped mass (Figure 9D).
Further nucleolus damage can be illustrated in
Figure 9F-1 where its nadir produces a dismantling
and fragmentation of the granular masses. In Figure
9G-I, an advanced, chromatin degradation (chroma-
tolysis) is shown because only small heterochromatin
patches are persisting, attached to the inner nuclear
membrane, while fine granules seeded the nucleo-
plasm and appeared in the same size as the IGs found
earlier. Maybe these IGs are actually the products of
further nucleolar fragmentation (Figures 8A-E, 9A-1
and 10A-D). The significant and progressive decrease
in the contrast of the heterochromatin suggests a
DNase-mediated degradation of its DNA content
verified in other tumor cell lines. Figure 9(E), in
particular, illustrates the end of karyorrhexis for a
group of three DU145 cells with thick packets of
heterochromatin outside of the nucleoli as well as
along the peripheral nucleoplasm and the inner
nuclear membrane. From Figures 9F-1 and 10A-D,
the nucleoplasm contains smaller nucleolar remnants
and IGs as well as diminished contrast due to
progressive DNA lysis or chromatolysis, until cell
demise by autoschizis. The nuclear envelope remains
apparently intact until the perikaryal cytoplasm is
self-excised or bursts due to osmotic swelling of the
remnants (Figures 10C-E, 11A-B), which then is often
accompanied by rupture of the nuclear envelope
(Figure 10E) after or while the nuclear envelope
seemed to have lost integrity. Previous to oncotic
bursting the nucleus, the outer nuclear membrane
pores and membrane showed series of blisters (Figure
11B) while the cytoplasm has vacuolations and
remnants of organelles (profoundly altered mitochon-
dria and autophagosomes of diverse size) can be
noted. Fatty deposits and glycogen can be found
throughout the final stages of cell demise to death and
are ultimately degraded and expelled in the inter-
cellular spaces along with other remaining cytoplas-
mic components (Figure 10A-D).
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FIGURE 8. A-I: TEM views of VC:VK3-treated DU145 carcinoma cells. A-D: These panes represent selected examples of cells after
VC:VK3-treatment. Usually these cells were small and approximately spherical in shape. The displayed nuclei with progressive
degradation of the chromatin whose nucleoplasms become sequentially less contrasted, while their nucleoli become sequentially more
and more condensed and contrasted due to their masses of mainly ribonucleoproteins (granular components) which can remain
tightly aggregated as doughnut, in C or as football shaped, in D). Initially, the altered nucleoli maintained some fine fibrillar
and interstitial components (in A-D). (E-I): Further segregation of the nucleoli, resulted in the secession of the chromatin as
packets into the nucleoplasm which appeared as bursts of material at the nucleolar edges. E: An example of cells remaining from VC:
VK3-treatment showed cells with high nuclear: cytoplasm volume ratio, nucleoli condensed into large or elongated, reticulated,
nucleolonemal masses of ribonucleoproteins and chromatin packets dispersed in the peripheral nucleoplasm. Most organelles were
swollen or vacuolated and possessed a narrow rim of remaining cytoplasm. G: In this pane, a more advanced chromatolysis is
illustrated, with small packets of heterochromatin along the inner nuclear membrane. H: This cell demonstrates further chromatolysis
with nucleus becoming rounder than in sham-treated cells; I: This pane gives a detailed view of IGs and swollen organelles (small
mitochondria and lysosomes). All IGs are indicated throughout by curved arrows. All scale bars are 1 pm.
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FIGURE 9. A-E: TEM views of VC:VK3-treated DU145 carcinoma cells and autoschizis. This panel further summarizes cell
pleiomorphism and damage leading to cell death by autoschizis (see also Figure 6A-D). Specifically, cell size decreases, nuclear
alterations appear and the cell self-excising pieces of cytoplasm and membrane (p). A: Example of a treated cell containing an
enormous nucleus and a uniformly, poorly contrasted nucleoplasm containing condensed heterochromatin along the inner nuclear
membrane. Nucleolar fragments can be seen within the peripheral zones of the nucleoplasm. Self-excisions through vacuoles and
trailing appendages can be seen. B: A cell with nucleolar condensation and numerous vacuoles, as well as cell debris. C: Pale DU145
cells are surrounded by small, diminished (M) cells produced by self-excisions. Debris consists of pieces (p) of cells still containing
glycogen are in the intercellular spaces. Darkly contrasted lysosomes, vacuoles and moth-eaten glycogen patches are noted (clear
arrows). Nuclei are altered and show highly compacted, broken nucleoli and interchromatin granules (IGs; curved dark and pale
arrows). D: Example of a damaged cell with an increased number of vacuoles amidst lysosomal bodies and a nucleus where
no nucleolus can be found. E: This is part of a vacuolated cell containing an ellipsoid-shaped deposit (d) made of fine fibrillar material.
Its nucleus shows IGs (curved arrow) and is surrounded by altered ER and lysosomes. The scale bars in A-E equal 1 pm.

DISCUSSION scant cytoplasm. Therefore, these cells have a high
nuclear to cytoplasmic ratio that is consistent with
most malignancies and the nuclear membrane exhi-
bits “unpredictable” and unexplainable irregularities

[49,50] as well as cytoplasmic indentations which

Ultrastructural aspects of Sham-treated
DUI145 carcinoma

Sham-treated DU145 cells are pleiomorphic and
appear round to flat with their margins overlapping
when they are confluent [46]. DU145 cells are poorly
differentiated and typically display a typical coat
of innumerable, irregular size microvilli [47] with a
diversity of odd shapes [48] as previously noted
[18,29,40,41]. They have a large, active nucleus and
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often gives the nucleus a coffee bean shape [51]. The
nuclear profile typically possesses a deep or shallow
indentation that can be called “pocket, bleb, canal,
tubular invagination” or “infolding” [52]. These
invaginations are often a diagnostic of poorly differ-
entiated cell [53], increase the surface area to volume
ratio of the nucleus and can facilitate the sustenance

RIGHTS LI N K



Ultrastruct Pathol Downloaded from informahealthcare.com by 86.128.197.8 on 03/19/14

For personal use only.

130 J. Gilloteaux et al.

FIGURE 10. A-D: TEM views of VC:VK3-treated DU145 carcinoma cells and autoschizis. A: A binucleated DU145 cell is visualized
amongst injured cells and pieces (p) and remnants of dying cells. The large cell displayed chromatin dissolution as well as compaction
of the nucleolus and possessed well-contrasted lysosomes. B-D: These electron micrographs are examples of DU145 cells undergoing
cell demise by autoschizis. The micrographs set shows that autoschizic cells kept their nuclei intact during the dissolution of their
chromatin and formation of their nucleolar remnants and IGs (curved arrows and short open arrows) until the ultimate stage of cell
demise (in D). In pane B a small, bubbly rim of cytoplasm with swollen organelles was seen. C: This pane showed further cytoplasmic
shedding pieces until blebs of the last pieces of cytoplasm (large open arrow) were gone. In this example, it was possible that some
nuclear pores of the nuclear envelope served as puncture sites as the nucleus bloated. D: This pane showed the ultimate stage of
extrusion with nuclear lysis and nucleoplasm (p) bursting along with the cytoplasmic remnants, using the punctured nuclear envelope

(open dark arrow in D). All the scale bars equal to 1 pm.

of the nucleoplasm reticulum [54] as well as enhance
cytoplasmic-nuclear and facilitate cytoplasmic-
nucleolar exchanges because the nucleoli are often
localized near the termini of these nuclear envelope

invaginations. These changes in nuclear shape are
often influenced by cytoskeletal changes that have
also been associated with alterations in specific
transduction activities [55] and with tumor

Ultrastructural Patholooy

RIGHTS LI N K



Ultrastruct Pathol Downloaded from informahealthcare.com by 86.128.197.8 on 03/19/14
For personal use only

R
Saiep |
(PP BN T

FIGURE 11. A-B: Example of a VC:VK3-treated DU145
carcinoma cell undergoing final demise by autoschizis; its
lower (in B) and upper region (in B). The nuclear envelope is
still lining a swollen nucleus with bursting nuclear pore
structures (especially the outer membrane component, ribo-
some-free; as indicated by small arrows) is surrounded by
altered remnants of organelles (mitochondria and electron
densely-contrasted lysosomal bodies) haphazardly distributed
in vacuolated cytoplasmic remnants. Scales in A is 500 nm, in B
is 200 nm.

suppressor gene activity [56]. Finally, these cytoplas-
mic invaginations are often rich in F-actin [23,53,56]
and can be pathways along which transcripts move
into the cytoplasm [57]. The nucleoli of those nuclei
often contain multiple NORs [58-61] which is char-
acteristic of extremely active cells [82] and poorly
differentiated tumor cells [61-63].

While the cytoplasm of these cells exhibit a paucity
of organelles, such as the SER and the Golgi apparatus
and exhibit no apparent secretory products [41], they
do possess an abundance of RER. Intracytoplasmic
lumina and annulate lamellae are also typical of these
cells [41,42] as the latter appear to be involved in
synthesizing membranes of the nuclear envelope
and RER [63]. Lysosomes are seen as homogeneous
or heterogeneous phagosomes. The cytosol is filled by
innumerable ribonucleoproteins and/or ribosomes,
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FIGURE 12. A-D: Diagrammatic representation of DU145
carcinoma cells with the major nuclear alterations leading to
autoschizic cell death. During nuclear changes, the nuclear
envelope remains apparently intact until the cell demise.
Cytoplasmic self-excisions reduce the cell size until a rim of
cytoplasm remained, but nuclear size was maintained.
Cytotoxic changes of the cytoskeleton are not represented.
Intrinsic nuclear structure damage noted during injurious
DNase, RNase and ROS damaging activities are: (i) a
progressive decreased euchromatic DNA content as found in
previous reports. This is marked by a fading intensity of grey
from A to D; (ii) black tracings mark the heterochromatin

continued
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a feature which is also found during liver carcinogen-
esis [64] and may reflect the loss or inactivation
of RNases during cell transformation or a typical
characteristic of tumor cells [15] As in many other
tumor cells, fat and glycogen deposits accumulate
in DU145 cells.

Cytotoxic alterations of DU145 cells caused
by ascorbate- or VC-treatment

During the last 45 years, the ability of ascorbate or VC
to treat or prevent cancer has been tested because of
its antioxidant properties. However, recent evidence
suggests the cytotoxic activities of VC may be related
to its pro-oxidant properties [65]. Regardless of the
mechanism of action, VC exerts selective toxicity
in vitro toward several tumor cell lines and those
results were noted in vitro [22,26-28,35,36,66] and
against tumor cells in vivo [17-22,32,35,36,67]. VC is
also a chemosensitizing agent [12,13] and a radio-
sensitizing agent [14,68]. Various mechanisms have
been proposed to explain the antitumor properties
of ascorbate but no evidence has been presented to
adequately explain the preferential attack on the
primary tumor cells or their metastases, as opposed
to normal cells. The explanations have been
reviewed in several of our recent publications
[15,19-29,32,33,36,39,66].

The earliest ultrastructural studies from Lupulescu
[67] showed neoplastic cells exposed to VC exhibit
membrane and cytoskeletal disruptions, mitochon-
drial changes, and a small reduction in nuclear and
nucleolar size and some autophagocytotic activity.
Likewise, the results of the current study show VC
treatment induces a small reduction in nuclear and

Continued

features as parts of its nucleolar dense fibrillar component
(also named chromatin-associated with the nucleolus) that
is being excised and appears to be leaving the nucleolus for
the perinucleolar, nucleoplasm (iii) the disappearance of fine
fibrillar region of the nucleolus (in green, from A to B) and the
interstices forming at first a nucleolonema as an entangled
network of ribonucleoproteins (in blue). The ribonucleoproteins
as granular component of the nucleolus then form a more or
less large mass that can fragment or can disappear entirely
(not represented). Concomitantly, the heterochromatin is then
seen with a decreased condensation along the inner
membrane of the nuclear envelope. It initially appears as a
thick, contrasting layer that thins along with the nuclease
digestion and progressively loses contrast and becomes
innumerable dots or particulates through chromatolysis. IGs
are represented by small clusters of dots between the strands of
heterochromatin. Accompanied by other cell injuries, internal
osmotic forces created by the accumulated small molecular
species force the nuclear envelope to break at some weakened
places, i.e. dilating a few nuclear pores, then bursting and
dispersing the remainder cell contents as a corpse. Based on this
report and accumulated data reported in text (e.g. Gilloteaux
et al. [19,2526,27,66] and Jamison et al. [29,3243]).

nucleolar volume compared to other carcinoma cell
lines [18-28,30-33,66]. The presence of small pieces
of cellular debris in the intercellular spaces in many
micrographs supports these contentions and agrees
with previous flow cytometry data [29]. Already
Szent-Gyorgyi [69] suggested that the cycling of VC
between ascorbate and dehydroascorbate would
result in a concomitant oxidation of glutathione
and other intracellular macromolecules rich in thiols
including depletion of thiol residues of those of the
nuclear cytoskeleton [70,71] as well as initiate numer-
ous membrane lipid peroxidations [72]. Through
unrepaired membrane defects cascades of intracellu-
lar signals would eventually lead toward tumor cell
death [73]. Lipid peroxidation of the superficial
protoplasm can account for: (i) the increased fluidity
of the cell membrane then causing elongation of the
filopodia without microspikes and other superficial
alterations [19,21,22,26,27]; (ii) the destruction of Ca>"
homeostasis [74-76]. These changes in turn could lead
to potentiation of nuclease and endoprotease activities
[76], increased thiol oxidations, and poisoning of the
mitochondria which in turn would lead to significant
ATP depletion, and lower the safe level of cell energy
charge [77] that ultimately would favor cell damage
through irreversible repair and fatal cytotoxicity.

In the majority of cells, the nucleoli acquire a
compact aspect visualized as either spherical, electron
dense bodies in contact with the nuclear envelope or
as thick, electron-dense patches in contact with a rim
of chromatin in a diminutive nucleus. Those latter
nucleolar aspects are consistent with a late G, block of
the cell cycle where the dense and fine fibrillar
components are excluded from a mass of synthesized
ribonucleoproteins following damage of the intrinsic
nucleoskeletal components caused by peroxidation
and DNase action [78]. Most nuclei showed retro-
plasia as shrinking activity following VC exposure
may have modifications in the nuclear infrastructures.
One has noted that IGs can be seen in the nucleoplasm
of most cells with IGs’ concentration consistently
relating with the amount of nuclear and cell damage.
Mitochondrial membrane alterations after fixation are
not as easily detected, but small whorls-like changes
have been observed [26,27,66,79].

There are a number of potential candidates that
could account for the ultrastructural damage follow-
ing VC exposure. Taper and his collaborators
[10,15,17] have shown that DNase II (E.C. 3.1.22.1)
is one such candidate. In the cytoplasm DNase II is
bound in a 1:1 complex with a repressor protein.
Acidification of the cell reactivates DNase II by
releasing it from its repressor. Recent studies suggest
that DNase II is combined with an anti-apoptotic,
serine protease inhibitor, leukocyte-elastase inhibitor
(LED and that acidification allows separation of LEI
from DNase II which creates an active lysosomal-
DNase II [80]. The acidification of the cytoplasm
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required to reactivate DNase II suggests permeabili-
zation of the lysosomal membrane with the release
lytic enzymes including cathepsins [81]. Lysosomal
permeabilization was verified morphologically after
similar treatment of RT4 bladder carcinoma cell
line [27].

Cytotoxic alterations of DU145 caused by
menadione bisulfite or VK3-treatment

VKj is a synthetic derivative of VK; whose antitumor
activities have been studied for at least 50 years.
It exhibits a broad spectrum of cytotoxic activity
in vitro against many human tumor cell lines
and those were noted in our previous reports
[15,26,27,35,36,66] including other studies on urologi-
cal tumors [35,36,82,83]. VC is equally potent against
multiple drug-resistant and drug-sensitive cells, as
well as against human tumor explants derived from
patients that are refractory to other types of che-
motherapy. While at least a portion of its antitumor
activity may be due to the ability of VK5 to induce
cell cycle arrest or delay at both the G;/S and G,/M
phases of the cell cycle [29,35,36], the majority of
its antitumor properties are attributed to its pro-
oxidant properties and poison tumor nucleoside
metabolism [84].

VKj is indeed a well characterized pro-oxidant or
oxidant that can stimulate growth, trigger apoptosis
or cause necrosis depending on its dose and time
of exposure [85]. For example, 5uM VKj; stimulates
DNA synthesis and promotes mitogenesis, while
10pM VKj; exerts anti proliferative effects, 20 uM
VK; can induce apoptosis and 100 pM VKj; induces
necrosis [86]. Menadione-induced defects are dose
and time dependent and can include many intracel-
lular defects reviewed in previous studies [22,23,25-
37,41,66]: (i) a significant depletion of reduced
glutathione (ii) a reduction of the cell ATP pools;
(iii) oxidation of sulfhydryl groups in cytoskeletal
proteins and associated macromolecules [87];
(iv) reactivation of DNase I and the subsequent
degradation of tumor cell DNA [10-13,15,35,36,88]
and (v) a deregulation of cellular Ca®>" sequestration
can impede the phosphorylation of ERK and/or
of other regulating factors of the cell cycle [89,90].
Like VC, the cycling of VKj; results in the production
of reactive oxygen species (ROS) which can damage
the antioxidant defense by drawing down cell thiols,
interfere with protein folding, alter signal transduc-
tion [91], and promote degradation of histones and
keratin [92].

Tumor cells are sensitive to this oxidative
stress because they typically have lower levels of
the enzymes necessary to detoxify ROS than non-
transformed cells [93]. While the coordinate attack
of ROS may induce membrane damage in the
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exoplasmic regions in the form leakiness and blebs
and prepare the cell for cytolysis [94], VK5 predomi-
nately affects the cytoskeleton, as noted above [92],
and especially nuclear actin [95-97]. The superficial
actin network is richest and deemed to affect the
cell surface morphologic pattern and locomotion
much faster than the one of the deeper cytoplasm
that influences endo- and exocytoses [97] and is the
cytoskeleton first affected by VK3, hence all intra- and
extracellular motility [98]. The cytoskeletal alterations
not only included regulatory proteins, but also
intrinsic, superficial ones (i.e. spectrin [99], filamins
[100]) which led to the changes in cell morphology
(i.e. drastic reduction in cell size and pleiomorphic
shapes with lamellar extensions) and caused the
cells to accumulate the organelles in one same area
[18,21-23,25-28,42,101] and as shown in this report.

VK; may also affect nuclear and its nucleolar
structure. While actin is part of the nucleoplasm and
is involved in transcriptional activity [71], it also
interacts with tubulin associated with the nucleolus
[56]. Because DNase I is bound to G-actin in a 1:1
complex which represses it and it can separate from
the complex to make F-actin [102,103], one can
speculate that derepressed DNase I could degrade
DNA [104,105] and disturb the NORs integrity [106]
and other structures of the nucleolus. The vacuous
interstices in the nucleolar masses following VKj
treatment demonstrated that the chromatin (DNA)
was absent or degraded. Most cells show a compacted
nucleolus with the sieve-like aspects that appeared to
be remnants of fine fibrillar centers without the
dense fibrillar component (or chromatin) that was
excised by DNase. These observations are consistent
with the scheme offered by Hernandez-Verdun [78].
These changes affect the overall nuclear architecture
and integrity leading to the production of IGs, as
noted by Kerr and collaborators in apoptosis [107]
and confirmed by Smetana (personal communication
in [27]).

Other membrane defects caused by ROS produc-
tion on lipids moieties can lead to osmotic defects,
resulting in dilation of the RER, mitochondrial
swelling, enlargement of the Golgi apparatus and
lysosomal enlargement and other anomalies. Those
anomalies triggered some autophagocytotic activity
[27] and could also lead to injuries that liberate
ceramide, whose action also could be involved cell
death process [108].

Mitochondrial dysmorphology was often present
following VKj treatment. These organelles appear
to have been stretched or squeezed and to have
extended in an “effort” to make contact with or
become part of the autophagosomes of the damaged
cells. The continuity between the outer mitochondrial
membrane and the endoplasmic reticulum [109] could
certainly facilitate ionic and enzymatic, events
leading to autodegradative activities. Injuries to the
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mitochondrial envelope by ROS could likely upset
Ca”" homeostasis [110] and eventually trigger cyto-
chrome c release to the cytoplasm and induction
of apoptosis [111] or other cell deaths, including
autoschizis [38,39]. However, it appeared that the
majority of VKs-induced cell death was autoschizis
[18-29,35,36,39,43]. Defects of some caspases but
not others, creating different internal events that
ultimately induce a different cell death than apoptosis
[110]. Menadione-induced cytotoxicity on the mito-
chondria resulted in some swelling and the formation
of osmiophilic deposits throughout those organelles.
The deposits could be caused by peroxidation of the
mitochondrial membranes, with subsequent loss of
membrane potential and excessive, unregulated
uptake of Ca®'. The peroxidized lipids of the
membranes and cysteine groups of the inner thiol
content were oxidized allow the inner content to
acquire spotty and peculiar osmiophilic deposits
caused by calcium ions exchange with osmium salts
to become osmate salts similar to that observed in
ZIO staining [45]. It is also true for protoplasmic
elements where proteins and/or glycoproteins were
associated through these bounds [104]. These orga-
nelles accumulated as autophagosome bodies in
the perikaryal zones as they also interact with the
endoplasmic membrane defects as shown in a recent
series of degradative events as suggested in starvation
[111].

VK; treatment promoted increased lysosomal
activity through membrane peroxidation. Whorls
formation was observed around damaged organelles
similar to what Melgar and collaborators [112] noted
in mitochondria of the cardiovascular system. They
are results of repetitive autophagic events related to
lipid peroxidations induced membrane damage [113]
as well as others described in the previous paragraph
(mitochondria and ER). Those huge, osmiophilic
bodies confirm the ongoing autophagocytotic activity.
A similar, but slow process, contributes in normal
cell aging to an accumulation after long periods of
the same autophagosomes as aging or lipofuscin
bodies. Their origin are likely mitochondrial and
other organelles and their accumulated location
likely confirms damage to the microtubular network
damage whose centrosome in the nuclear cove is
unable to organize and allow lysosomal bodies to
reach distal regions of the cytoplasm to be expelled
from the injured cells [18,19,22,23,25-28,114].

Cytotoxic alterations of DU145 cells treated
by a combination of VC:VK;

When VC and VK; were combined in a ratio of 100:1,
the vitamin combination exhibited tumor-specific
antitumor activity against human breast, oral epider-
moid and endometrial tumor cell lines at doses that

were 10-50 times lower than when either vitamin
were administered alone [12-14,17,39,115]. Likewise,
when the VC:VK; combination was administered to a
series of 13 human uro-gynecologic tumor cell lines,
the vitamin combination exhibited synergistic anti-
tumor or cytotoxic activity at concentrations which
were 4- to 61-fold lower than for the individual
vitamins [29,30,32,33,35,36,115,116]. Additional stu-
dies, using a transplantable murine liver tumor
model, showed that the VC:VK; combination was an
effective chemosensitizer and radiosensitizer [11-16].
These previous studies and those conducted with
human tumors in nude mice indicated that the
VC:VK; combination induced little systemic or
major organ pathology [11-16,31,43].

VC:VK; combination exerts its antitumor and
antimetastatic activities through a wide array of
mechanisms described in the aforementioned para-
graphs including: blockage of the cell cycle, reactiva-
tion of DNases and RNases [15], modulation of signal
transduction as well as the redox state of the cell,
inhibition of glycolysis and induction of autoschizic
cell death [19] or, apoptosis, in the case of leukemia
cells [117].

The cytotoxic mechanisms involve controlling
tumor cell energetics and biochemistry through
coordinate modulation of cellular phosphorylation
and/or redox potential. This is possible for two
reasons. First, many tumor cells have reduced levels
of catalase, superoxide dismutase and/or glutathione
peroxidase and as well as glutathione and other
ROS detoxifying enzymes. Therefore these cells have
difficulty in detoxifying hydrogen peroxide and other
ROS which then accumulate, alter cellular processes
and induce cellular damage or cell death [43]. Second,
because of derangements in mitochondrial ultrastruc-
ture and energetics, tumor cells rely primarily on
glycolytic metabolism known as the ‘Warburg effect’
[118,119].

Tumor cells that are not killed by the combination
VC:VK; (or Apatone) treatment usually exhibit cell
cycle arrest. This arrest may be a function of a number
of factors including: deficient cell metabolism, defec-
tive signal transduction and ultrastructural changes in
the nucleolus. Flow cytometry indicates that DU145
cells are blocked at both the Gy-G; /S interface and in
Go-M [29,33,43]. A significant decrease in cellular
DNA content was also observed in an ovarian tumor
cell line following VC:VKj; or Apatone treatment [23-
26]. This cleaved DNA may represent the remnants
of cellular DNA following the activation of DNase I
and DNase II during autoschizis [15,25-28,35,36,43].
This ongoing chromatolysis was demonstrated by
light microscope technique (Feulgen stain), by ultra-
structure and was also proven by gel electrophoretic
data in other tumor cell lines [25-28,43].

The altered nucleolar structure observed following
VC:VK; (or Apatone) treatment may be a function
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of the reactivation of DNases and RNases. The
chromatin is seen to leave the nucleolar body until
only the ribonucleoprotein mass remains. Once the
chromatin is retracted from the nucleolus its DNA
was fragmented by the reactivation of DNase I (VK3)
and DNase II (VC) [15,18,25-29,35,36]. The remaining
mass of ribonucleoproteins (the granular component
of the nucleolus) appears doughnut to football-shaped
resembles changes seen following treatment with
other anticancer drugs [61,119-124]. The chromatin
is progressively lysed by DNases and perhaps
lysosomal enzymes [34,81]. To support this contention
lysosomal damage was also illustrated in [27,28]. It is
again shown in this report that the treated cells’
nucleoplasm becomes less and less osmiophilic or
contrasted through progressive DNA degradation.
A similar extrusion of chromatin and nucleolar
changes was reported in fibroblasts following RNase
treatment [15,125,126]. Likewise, RNase can also
remove subcomponents of the ribonucleoproteinic,
granular components [106,127,128] which ultimately
remain following chromatin extrusion. Finally, the
relocation of fibrillarin in the nucleoplasm appears
to be a marker of these nucleolar remodelling during
autoschizis [34].

The data collected by electron microscopy
suggests a fewer number of cells survived Apatone
treatment than survived VC or VKj treatment.
In addition, most of the cell injuries leading to cell
death were consistent with autoschizis as seen in
other tumor models including: bladder carcinomas
T24 [19,21,22,26,33,129] and RT4 [27], ovarian carci-
noma MDAH 2774 [23-25,28,116], murine prostate
carcinoma TRAMP [66] and discussed in an educa-
tional report [28].

Peculiar structures

Several peculiar structures were observed following
VC:VK; treatment: IGs, intracytoplasmic deposits and
autophagic processes; the latter will be discussed in a
future report. The IGs are observed as clusters
of osmiophilic dots loosely aggregated in the nucleo-
plasm making a substructure that appears as result of
cytotoxic drug treatment and viral infection. They
contain no DNA as they resist to DNases’ treatments
[130] and are not stained by DNA contrasting stains
[127,131]. However, because small ribonucleoproteins
have been identified in IGs [132], they could be
assembly, or modification, and/or storage sites for
proteins involved in pre-mRNA processing. These
function(s) would explain their nucleoplasm localiza-
tion adjacent to a nucleolus [133] that has been
dismantled during a complex derangement of its
cytoskeleton and other associated insults. Since these
IGs were also described in the interphasic nucleus
[134], one could speculate that their presence was
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related to the G; block of the cell cycle phase [29].
Alternatively IGs could be remnants of the nuclear
matrix skeleton [135]. Regardless of their origin,
they were also revealed in the nucleoplasm of other
autoschizic tumor cells [23,26,27]. The fact that
intracytoplasmic deposits were essentially seen in
the perikayal zones of the cell following VC:VKj
(Apatone) treatment suggests they originated from
peroxidative effects on sulfhydryl moieties of pro-
teins, especially the cytoskeleton, and are likely to be
displays of misfolded protein accumulations
[27,136,137]. These resembled similar deposits found
in atrial myocytes in cardiomyopathy [138].
Alternatively, these particulate structures may repre-
sent F-actin aggregates. Finally, large autophagic
processes were seen in these cells as well as in
xenotransplants of DU145 cells [40—42]. Some cells
containing huge phagosomes could be caused by the
capture and degradation of a neighbouring cell
during entosis. Alternatively, these vacuoles could
occur during signet cell formation [40—41].

Tumor cell death by autoschizis

The term autoschizis was coined by Gilloteaux to
describe the novel type of cell induced by VC:VK3
treatment of tumor cells and the term was first
published in 1998 [19] and further details were also
published by our research groups in a series of
publications [15,19-28,32-34,41,43]. Autoschizis was
created from the Greek root “autos” (as in outds
“self””) and “schizis” or “schisis” (as in “oyicis”)
meaning “division” or “cut” from “skhizein” (Greek
“oyilewv”’) as in “to split”) that was then spelled
“schizis.” As a consequence, the term “autoschizis”
signifies “self-cutting” or “self-dividing”” because the
major steps and events historically observed in this
mode of cell death were self-excisions found in most
injured cells by pro-oxidants or oxidative stress as in
our experiments, altered by the combined VC:VKj;
treatment [19,21,22]. Morphologically speaking, cells
undergoing autoschizis maintain an apparently intact
nuclear envelope and some perikaryal cytoplasm
containing often altered organelles removed by
autophagy (Figures 10C-D and 11) while reducing
its size by self-excising pieces of its peripheral
cytoplasm. The excising cell fragments do not contain
nuclear fragments or organelles like those seen in
apoptotic bodies [107,139-141] complemented by
extrusion of nuclear RNA packets [142]. The tumor
cell alterations in autoschizis are morphologically
different from those described in apoptosis and
necrosis alias oncosis [143]. Furthermore, autophagy,
as used here, is preserving its historical definition as it
is a means by which a living cell eliminates damaged
parts in a sort of self-recycling manner [144-146], as a
cell preservation processing by which cells attempt

RIGHTS LI N Hiy



Ultrastruct Pathol Downloaded from informahealthcare.com by 86.128.197.8 on 03/19/14
For personal use only

136 J. Gilloteaux et al.

to preserve themselves against odds [113] and
should not be confused with type II programmed
cell death [147]. A circum-nuclear location of the
injured organelles is certainly confirmed in analogous
cytotoxic events [26,27,114] and probably by a
reorganization of the cytoskeletal network of the cell
as noted in most autoschizic, dying cells.

The most prominent changes in organelles found in
autoschizic cell death are the degradation of its
nucleus content while nuclear envelope is maintained,
inclusive of the segregation of its nucleolus compo-
nents (as shown in this report) verifying previous data
[18-28,42,43,66] as well as of its energetic-making
organelles and deposits, as shown in this report.
At the point of no return, autoschizic cell injuries
show DNA degradation that can be verified at it
exhibits a spread pattern following electrophoresis
[25,26,28,43] instead of the laddering pattern, as
shown in apoptosis [148-150], indicating internucleo-
somal cuts. Finally, in autoschizis, cathepsins and not
caspases can be the cell executioners [81].

Autoschizis means “self-cutting” does not neces-
sary indicate death but a event in which cell self-cut
piece(s) as in apocrine secretion events. In so
doing, one can document normal cell rearrangement
of their cytoskeleton to favor apocrine self-cuts or
other similar types of cuts. In the case of cytotoxic
pro-oxidants this mode of cell death can be induced
in tumor cells. Similar morphologic alterations with
self-excisions can be found in the literature and
have been illustrated there as apoptotic cell death or
as some type of programmed cell death. Future
investigations could consider autoschizis as a mode
of cell self-cutting which, under analogous cytotoxic
actions, can eventually result into cell death or cell’s
alterations without death as shown in the following
mammalian examples: cardiac development [151],
erythrocyte maturation [152,153], functional prostate
epithelium [154] and in Clara cell differentiation [155].

In order to summarize and visualize the main
aspects of ultrastructural changes described by fine
structure in the nuclei and its nucleoli occurring
in autoschizis, as observed in this report, a set of
sequential drawings is submitted in Figure 12.
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