
Journal of Cellular Biochemistry 91:170–184 (2004)

Molecular Aspects of Diagnostic Nucleolar and Nuclear
Envelope Changes in Prostate Cancer
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Abstract Prostate cancer is still diagnosed by pathologists based on subjective assessment of altered cell and tissue
structure. The cellular-level structural changes diagnostic of some forms of cancer are known to be induced by cancer
genes, but the relation between specific cellular-level structural features and cancer genes has not been explored in the
prostate. Two important cell structural changes in prostate cancer—nucleolar enlargement and nuclear envelope (NE)
irregularity—are discussed from the perspective that they should also relate to the function of the genes active in prostate
cancer. Enlargement of the nucleolus is the key diagnostic feature of high-grade prostatic intraepithelial neoplasia (PIN),
an early stage that appears to be the precursor to the majority of invasive prostate cancers. Nucleolar enlargement
classically is associatedwith increased ribosome production, and production of new ribosomes appears essential for cell-
cycle progression. Several cancer genes implicated in PIN are known (in other cell types) to augment ribosome
production, including c-Myc, p27, retinoblastoma, p53, and growth factors that impact on ERK signaling. However,
critical review of the available information suggests that increased ribosome production per se may be insufficient to
explain nucleolar enlargement in PIN, and other newer functions of nucleoli may therefore need to be invoked. NE
irregularity develops later in the clonal evolution of some prostate cancers, and it has adverse prognostic significance.
Nuclear irregularity has recently been shown to develop dynamically during interphase following oncogene expression,
without a requirement for post-mitotic NE reassembly. NE irregularity characteristic of some aggressive prostate cancers
could reflect cytoskeletal forces exerted on the NE during active cell locomotion. NE irregularity could also promote
chromosomal instability because it leads to chromosomal asymmetry inmetaphase. Finally, NE irregularity could impact
replication competence, transcriptional programming andnuclear pore function. J. Cell. Biochem. 91: 170–184, 2004.
� 2003 Wiley-Liss, Inc.
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WHY ARE CANCER CELLS STRUCTURED
DIFFERENTLY FROM NORMAL CELLS?

The cell structural changes diagnostic of
cancer have been proposed to be a consequence
of the accumulation of numerous genetic and
epigenetic disturbances during the acquisition
of increased cell reproductive kinetics [Garcia-
Schurmann and Coffey, 1997]. From this
viewpoint, genetic instability is thought to
generate diagnostic cellular pleomorphism,

and increased proliferation could be envisaged
to result in increased demands for more ribo-
somes anda consequent enlargement of nucleoli
(see below). However, prostate cancer is not
diagnosed on the basis of pleomorphism alone.
Rather, there are specific diagnostic features
that characterize certain steps in prostate
cancer development, and the appearances of
different cases of prostate cancer are different.
Some prostate cancers show a fine euchromatic
appearance compared to normal prostate cells,
others show distinctly coarse heterochromatin.
Some prostate cancers show predominantly
round nuclei whereas others show predomi-
nantly irregular nuclear shapes. The irregular-
ity in shape in some cases can be characterized
as irregular folds and aneurismal outpouch-
ings, in other cases nuclear envelope (NE) irre-
gularity is characterized bypoly-lobulation, and
in still other cases (e.g., small cell carcinomas),
the NE appears malleable and passively
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distorted (‘‘nuclear molding’’). Furthermore,
some aggressive, fast growing prostate cancers
show small nucleoli as a diagnostic trait (e.g.,
‘‘small cell’’ prostate cancers) while other more
indolent early lesions (e.g., prostatic intrae-
pithelial neoplasia, PIN) show large nucleoli. If
the diagnostic features of prostate cancer cells
were merely a result of pleomorphism or
randomization of cell structure, then any two
prostate cancers would be expected to look the
same. A broader framework seems needed to
explain the wide variety of specific diagnostic
morphologic changes seen in the full range of
cancers.

A BROAD EVOLUTIONARY FRAMEWORK
FOR UNDERSTANDING CELL STRUCTURAL

CHANGES ACCOMPANYING
CANCER DEVELOPMENT

The development of a prostate cancer is be-
lieved to be a micro-evolutionary process, akin
to ‘‘adaptive speciation’’ in Darwinian evolu-
tion, whereby mutations that promote the
clonal expansion of a prostate cell are naturally
selected for, while natural selection eliminates
cells expressing genes that could inhibit their
growth. Phenotypic changes provide essential
clues to the mechanisms of adaptive speciation
in Darwinian evolution. In fact, by careful
analysis of structural features alone, Darwin
could frequently deduce adaptive evolutionary
mechanisms. Darwin recognized that the phe-
notypic structural differences between two
related species generally pointed to the fitness
alteration that allowed their functional diver-
gence. Darwin also recognized that phenotypic/
structural differences that distinguish two
closely related organisms had a heritable basis.
If a full evolutionary framework is applied
to cancer, then the diagnostic cellular-level
changes (not necessarily tissue architectural
changes) that distinguish a step in the clonal
evolution of a cancer should be mediated by the
cancer genes active at that step, and these
structural changes should reflect, in an essen-
tialmanner, the functional changes that caused
the clonal expansion [Fischer et al., 2003b].
Support for this model comes from studies of

development of two morphologically and clini-
cally distinctive types of thyroid tumors that
arise from the same cell of origin [Rosai et al.,
1992]. Distinctive sets of cancer genes are oper-
ative in these two types of tumors, and these

genes appear to mediate the diagnostic struc-
tural features involving the NE and large scale
chromatin organization that distinguish them
[Fischer et al., 1998a]. The tumors themselves
show a complete overlap of net growth, apopto-
sis rates, and MIB-1 staining [Basolo et al.,
1997], and thus the physiologies that these
cancer genes affect seem unlikely to be related
to cell cycling kinetics per se [Fischer et al.,
1998a,b]. InDarwinian evolution, alterations in
fitness relate much more directly to structural/
phenotypic changes than they do to alterations
in reproductive kinetics. Thus, the full incor-
poration of the phenotypic changes diagnostic of
cancer into the evolutionary model for cancer
development suggests that cellular-level struc-
tural changes diagnostic of a particular step in
clonal evolution can point to novel cell physiol-
ogies unrelated to cell growth kinetics [Fischer
et al., 2003b].

It is important to note that prostate cancer
is not a single disease. Thus (according to the
model) any two samples of prostate cancer that
differ in cellular-level morphology are likely to
have different underlying genetic changes and
functional alterations. Unfortunately few stud-
ies relate particular genetic findings back to the
particular cellular-level phenotypic features to
test this concept. Transgenic animals are not
ideal to test these ideas since too many levels of
organization and too many confounding influ-
ences could obscure any correlations. A large
part of the difficulty in being able to relate
genetic and functional changes with phenotypic
changes is the inability to accurately provide
morphologically characterized human prostate
samples to researchers. Only recently, a tech-
nique is available to provide samples of viable
cell populations that can be characterized
morphologically at a tissue and cellular-level
[Fischer et al., 2001a].

In this review, we describe two reproducible
cellular-level changes of diagnostic impor-
tance—nucleolar enlargement and NE irregu-
larity. We review how these diagnostic changes
could relate to cell physiology and the activity of
cancer genes active in prostate cancers. A de-
scription of the full diagnostic features of vari-
ous neoplastic and reactive conditions of the
prostate can be found in a number of textbooks
[Bostwick and Eble, 1997]. Only the diagnostic
features related to nucleolar and NE changes
are discussed in this review. For reviews of
molecular aspects of other larger-scale tissue-
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organizational features of prostate cancer, see
[Fornaro et al., 2001; Pihan et al., 2001; Sung
and Chung, 2002].

NUCLEOLAR ENLARGEMENT IS
CHARACTERISTIC OF PROSTATIC
INTRAEPITHELIAL NEOPLASIA

The vast majority of prostate cancers appear
to derive from the peripheral region of the
prostate, from the epithelial cells that line
medium sized secretory prostatic glands. The
normal structure of these glands (Fig. 1A)
includes a surrounding basal lamina produced
through the cooperation of epithelial cells with
the underlying stromal cells, basal cells that
normally have replication competence and abut
the basal lamina, and differentiated secretory
cells located toward the lumen of the acini
(reviewed in [De Marzo et al., 1998b]). The
secretory cells appear to lack replication com-
petence and are apparently derived from the
basal cells by a process of asymmetric cell
division. Basal cells tend to have bland chroma-
tin and oval nuclei with that are smaller than
secretory cells, and they have scant cytoplasm.
Nuclei are usually inconspicuous in basal cells,
but may be enlarged in some forms of basal cell
hyperplasia. The secretory cells have generally
spherical nuclei, relatively more ‘‘open’’ chro-
matin, and inconspicuous nucleoli. Nucleoli
in secretory cells are generally difficult to

distinguish from heterochromatin aggregates
(so-called ‘‘chromocenters’’) on hematoxylin
stained sections.

High grade PIN (Fig. 1B) is distinguished
from normal prostate glands based on a rela-
tively uniform (‘‘clonal-appearing’’) population
of prostatic secretory cells (also called acinar
cells)whichdisplay agenerally single [Bostwick
and Brawer, 1987; Montironi et al., 1991]
enlarged nucleolus. PIN cells also often show a
uniformly slightly coarse chromatin, and often
increased nuclear size (reviewed in [Montironi
et al., 2002]) compared to normal secretory cells.
Themost characteristic change in the nucleolus
is increase in size (up to several microns) comp-
ared to benign prostatic hyperplasia [Montironi
et al., 1991]. A minority of PIN cells show
multiple nucleoli [Montironi et al., 1991].
Nucleoli may be central or appear attached to
the NE. Ultrastructural studies of PIN have
also noted nucleolar enlargement [Bostwick
et al., 1997], but not described whether the
enlargement involved particular compartments
(e.g., the granular component) that couldhelp to
pinpoint the stage at which ribosomal metabo-
lism (see below) may be altered. It is important
to note that mitotic figures are not easy to find
in PIN. Furthermore, mitoses are expected in
benign reparative conditions.

Several observations suggest that Pin is not
a single disease. First, there is a sense of a

Fig. 1. Normal prostate tissue (A) consists of stromal elements
(lower-most aspect) that grow in cooperation with the epithelial
cells to produce a basal lamina. Inside the basal lamina are basal
cells (two are marked with arrows). The next layer of cells above
the basal cells in the figure consists of specialized secretory cells
that normally have inconspicuous nucleoli. Secretory cells are
normally terminally differentiated and appear to derive from
replication-competent basal cells. B: Shows high grade prostatic
intraepithelial neoplasia (PIN) characterized primarily by the
presence of nucleoli in the secretory cells. Compared to normal

secretory cells, the nuclei of PIN cells often show a mild nuclear
size increase, and a slight ‘‘chromatin coarsening’’ (as seen in this
example). Pin cells retain replication competence. The arrow
shows residual basal cells beneath the layer of PIN cells. Note the
inconspicuous nucleoli in basal cells in A and B. The inconspi-
cuousness of nucleoli in basal cells is paradoxical since basal
cells and PIN cells probably proliferate at nearly the same rate
[Magi-Galluzzi et al., 1998b] (see text). A and B are both at
1,000X original magnification.
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spectrum of morphologic changes with benign
prostatic hyperplasia at one end, and invasive
adenocarcinoma at the other. There is varia-
bility in the architectural arrangement of PIN
cells from case to case, and even within one
patient, suggesting that cell–cell and cell–
matrix interactions can vary in different exam-
ples of PIN. Approximately half of PIN are
aneuploid [Crissman et al., 1993; Qian et al.,
1997], suggesting genetic instability starts
early in prostate cancer, and that multiple
genetic events drive the phenotypic features of
at least some cases of PIN. However, it seems
impossible to ascribe the nucleolar change in
PIN to a stochastic variation resulting from
genetic instability; the nucleolar appearance of
PIN cells is actually quite uniform.

PHYSIOLOGIC CHANGES
IN NUCLEOLAR MORPHOLOGY

The size of nucleoli in normal, untransformed
cells can change in size depending on the cells’
activity. Pathologists learn to recognize these
changes in nucleolar size and correlate them
with alterations in the cells’ microenvironment
to make inferences about the nature of patho-
logic processes. For example, if there is a local
loss of cells in the prostate (or essentially any
epithelium in the body), nucleoli enlarge in
adjacent cells, within about 1–2 days, in a
reaction termed ‘‘repair’’ (Fig. 2). The local loss
of cells that provokes this response can be due to
any number of causes. In the prostate, a
common cause is prostatitis. The inflammation
or bacteria presumably destroys some epithelial
cells, and the residual cells respond and repo-
pulate the basal lamina. Inflammation and
infections are not the only causes for a repair
reaction. Identical changes can occur next to
a biopsy site, or next to an area of infarction
(localized loss of blood supply) in the virtual
absence of inflammatory cells. The nucleolar
enlargement associated with repair has an im-
portant diagnostic trait. When there is nucleo-
lar enlargement in an epithelial cell undergoing
repair, there is a predictable increase in the
amount of cytoplasm in the cell, and a pre-
dictable increase in cytoplasmic basophilia (i.e.,
hematoxylin staining that reflects the amount
of polyribosomes) [Frost, 1986]. In many of the
forms of cancer that show nucleolar enlarge-
ment, there is a tendency for an unpredictable
relative paucity and pallor of the cytoplasm

[Frost, 1986]. As an exception to this tendency,
PIN cells may also show an increase in cyto-
plasmic basophilia. Invasive or metastatic
prostate cancer tends to show pallor of the
cytoplasm, and less cytoplasmcompared toPIN,
conforming to the trend seen in many other
cancers. In an ultrastructural study, invasive
prostate cancer cells with large nucleoli often
show few organelles in their cytoplasm
[Kastendieck and Altenahr, 1976]. Benign cells
with large nucleoli generally have complexity of
their cytoplasm, with abundant rough endo-
plasmic reticulum.

PIN IS A PRECURSOR TO SOME FORMS
OF INVASIVE PROSTATE CARCINOMA

The evidence linking PIN to invasive prostate
cancer is overwhelming (reviewed in [Bostwick
and Eble, 1997]) and includes the cytologic
similarity of the relatively uniform and distinc-
tive cells in PIN with those of adjacent invasive
cancer, their frequent spatial relationship,
the similar immunohistochemical reactivities
shared by PIN and invasive cancer, the sharing
of genetic abnormalities by PIN and concomi-
tant cancer [Alcaraz et al., 2001], and strong
epidemiological associations. Some prostatic
adenocarcinomas could conceivably arise inde-
pendently from the clones of PIN, but a reason-
able estimate is that half or more prostate
adenocarcinomas evolve from clones of PIN.

Fig. 2. Benign prostate tissue with granulomatous prostatitis is
shown at the same 1,000X magnification as Figure 1. The
granulomatous reaction was due to previous bacillus Calmette–
Guerin treatment for bladder cancer. When prostatic secretory
cells are destroyed by any pathologic process, the adjacent
prostatic epithelial cells (arrows) respond in a ‘‘repair’’ reaction
characterized by increased size of nucleoli, a corresponding
increase in the amount and granularity of cytoplasm, and
mitoses.
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Not all invasive cancers arise from PIN.
PIN is not seen in association with roughly
30% of invasive prostate cancers [McNeal and
Bostwick, 1986; Helpap and Riede, 1995].
Another controversial potential precursor to
some formsof invasiveprostate cancer is termed
atypical adenomatous hyperplasia (AAH). AAH
is characterized by increased numbers of small
secretory glands with minimal cellular-level
structural atypia. Usually AAH is described as
having nearly normal appearing nuclei, like
secretory cells, without nucleoli, though some
pathologists accept fairly prominent (>1.0 mm)
nucleoli inAAH.Most cases of AAHare found in
the central part of the prostate or ‘‘transition
zone’’ where low-grade prostatic adenocarcino-
mas are relatively common. Since AAH and
some low-grade prostatic adenocarcinomas
exhibit similar cellular-level structural features
(including relatively small nucleoli), there is
speculation that AAH might be a precursor to
some low grade prostate cancers in the transi-
tion zone, and this is supported by molecular
and phenotypic studies [Doll et al., 1999; Yang
et al., 2002].

Since there appears to be more than one way
for a prostate cell to become a ‘‘PIN’’ cell, and
since there are multiple different evolutionary
pathways for a prostate epithelial cell to become
fully malignant, the broad evolutionary model
suggests therewill bemultiple spectra of cancer
gene activations and functional alterations
in different examples of prostate cancer. We
predict that a subset of these genetic abnorm-
alities relating to PIN will share the property of
impacting nucleolar metabolism. It will be
important for researchers to carefully describe
the morphologic features of their experimental
models in order to extract the expected impor-
tant relationships between structure, function,
and genotype to test this prediction.

FUNCTIONAL SIGNIFICANCE
OF NUCLEOLAR ENLARGEMENT IN PIN

Approximately 80% of the energy expendi-
ture of a proliferating eukaryotic cell can be
spent in producing the protein synthesismachi-
nery, of which ribosomes are the major element
[Warner, 1999; Volarevic et al., 2000]. The nu-
cleolus can be thought of as the organelle
coordinating this expenditure [Warner, 1999].
The nucleolus is the site of ribosomal DNA

transcription by RNAPolymerase I (RNAPol I),
processing of ribosomal RNA, maturation of the
79 ribosomal proteins (which are transcribed by
RNA Pol II, translated in the cytoplasm, and
imported back into the nucleus and nucleolus),
and assembly ofmature ribosomes prior to their
export (reviewed in [Olson et al., 2000; Warner
et al., 2001]. In yeast, 60% of total transcription
is devoted to rRNA, 50% of RNA Pol II
transcription is devoted to producing ribosomal
protein message for the 79 ribosomal proteins,
and 90% of mRNA splicing involves ribosomal
protein transcripts [Warner et al., 2001]. One
may wonder if DNA evolved merely to provide
ribosomes with an efficient means (only a 20%
cost) of making more ribosomes! The cell needs
to match rRNA transcription with ribosomal
protein production, and ribosomal proteins
must themselves be produced at equimolar
levels. Since ribosome production needs to
match a level determined by the particular
demands of a cell, it is not surprising that
regulation of nucleolar function is complex and
interdependent on many cellular processes
[Warner et al., 2001].

As a classical and best available approxi-
mation, nucleolar size generally correlates
with the rate of ribosome production [Kurata
et al., 1978] (reviewed in [Derenzini et al.,
2000; Frank et al., 2002]). The half life of
ribosomes is at least several days [Liebhaber
et al., 1978], relatively long compared to the
growth rates of many cell lines. The regulation
of ribosome degradation is apparently subject to
complex and poorly understood regulation.
SV40 can increase ribosome life span about 10-
fold [Liebhaber et al., 1978].At each cell division
the number of ribosomes per cell is necessarily
halved. Therefore cell division can be a major
cause of increased need for ribosomes. In
cell lines in which essentially all cells divide
within a couple days, nucleolar size correlates
strikingly with both cell doubling time and the
rate of rDNA transcription [Derenzini et al.,
2000]. At first glance, it would seem that the
increased nucleolar size in PIN could reflect the
need for more ribosomes to replace those lost
through cell division. The details of the signal-
ing pathways that can balance ribosome pro-
duction with ribosome need are unclear. At
least part of the balance is achieved through
cross-talk between the cell proliferation signal-
ing pathways and the ribosomal synthesis
machinery.
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A SIGNALING PATHWAY FOR INCREASED
NUCLEOLAR SIZE?

Two key control points in ribosomal synthesis
have been identified (reviewed in [Ruggero and
Pandolfi, 2003]), and several genes implicated
in the early steps of prostate cancer develop-
ment impact on one of these two control points.
Figure 3 summarizes the signaling events that
could regulate ribosome synthesis/nucleolar
size. The first key control in ribosomal synthesis
appears to be regulation of rDNA transcription
by RNA Pol I. An apparently rate limiting step
in RNA Pol I activity in turn is determined by
the phosphorylation of the transcription factor
up-stream binding factor (UBF). UBF is phos-
phorylated by several different kinases: CDK4-
Cyclin D1 and CDK2-Cyclin E [Voit and
Grummt, 2001], casein kinase II, and ERK1
and 2 [Stefanovsky et al., 2001] (reviewed in
[Ruggero and Pandolfi, 2003]). Androgen sti-
mulation has complex effects but appears cap-
able of augmenting cyclin D levels (reviewed in
[Fernandez et al., 2002]). P27 negatively reg-
ulatesCDK2-cyclinEactivity, and loss of immu-
nohistochemical expressionof p27 is seen inPIN
and the majority of prostate carcinomas [De
Marzo et al., 1998a]. ERK1and 2 receive stimul-
ation from the growth factor tyrosine kinase—
ras signaling pathway. C-ErbB2 [Signoretti
et al., 2000], RET [Dawson et al., 1998], and
other tyrosine kinase growth factors up-stream
of ERK 1 and 2 (reviewed in [Myers andGrizzle,
1996; Magi-Galluzzi et al., 1998a]) have been
implicated in prostate cancer development.
Tyrosine kinases appear able to activate andro-
gen receptor in the absence of androgens (e.g.,
[Signoretti et al., 2000]). Protein phosphatases
involved in downregulation of ERK signaling
are also implicated at an early stage of prostate
cancer development [Magi-Galluzzi et al.,
1998a]. UBF activity is blocked by an interac-
tion with the retinoblastoma (Rb) gene product,
and loss of heterozygosity for Rb has been found
in 60% of prostate cancers [Phillips et al., 1994].
p53 inhibits RNA Pol I transcription through
binding to another RNA Pol I transcription

factor, SL1. p53 mutations appear to be a
late event in a subset of prostate cancers with
frequent androgen independence [Heidenberg
et al., 1995], but wildtype p53 has several other
physiologic interactions with the nucleolus
(reviewed in [Olson et al., 2000]).

A second level of control over ribosome
biosynthesis is achieved through regulation of
production of ribosomal proteins (Fig. 3). The
lack of ribosomal proteins causes ribosome
production and RNA Pol I activity to cease
[Warner, 1999; Volarevic et al., 2000], and up-
regulation of RNAPol I by increased amounts of
ribosomal proteins also seems possible. Thus,
these two levels of control appear somewhat
interdependent. Ribosomal protein genes are a
major transcriptional target of c-Myc [Ruggero
and Pandolfi, 2003]. When c-Myc is overex-
pressed (in hepatocytes), protein synthesis
increases, cell size increases, and nucleolar size
increases [Kim et al., 2000]. C-Myc gene ampli-
fications are seen in about 50% of PIN [Qian
et al., 1997]. mRNA’s for ribosomal proteins and
other proteins involved in translation also share
a terminal oligopyrimidine in their 50 untrans-
lated region (50TOP mRNA’s) that causes them
to be preferentially translated by ribosomes
bearing a phosphorylated S6 protein (reviewed
in [Ruggero and Pandolfi, 2003]). In turn, S6
phosphorylation is regulated at several levels.
Phosphatidyl inositol-3-kinase—AKT signaling
causes S6 phosphorylation. This pathway is
inhibited by the tumor suppressor phosphatase
PTEN. PTENmutations are present in roughly
half of prostate cancers (reviewed in [Grunwald
et al., 2002]), providing a link between PTEN
inactivation and at least increased ribosomal
protein production (if not increased ribosome
synthesis). PTEN heterozygous mice which
are homozygous for deletion of p27 develop pro-
state cancer with full penetrance by 3 months
(see references within [Grunwald et al., 2002]).

Other levels of control of nucleolar size appear
independent of the two classical pathways in
Figure 3, for example heat shock response [Liu
et al., 1996]. These data begin to provide plau-
sible links between genetic events in prostate

Fig. 3. Is there a signaling pathway for nucleolar size increase?
Nucleolar size has been classically considered to reflect the rate
of ribosomal production. The factors that are currently known to
affect ribosomal production are shown. Stimulatory effects are
represented as arrows, and inhibitory effects are shown with
blunt bars. Increased ribosomal protein production (the products

of RNAPol II transcription) and increasedRNAPol I transcription
are currently the most likely stimuli for increased nucleolar size.
Heat shock responsealso causes arrest of ribosomal synthesis and
disassembly of nucleoli. This signaling scheme is derived from
[Liu et al., 1996; Stefanovsky et al., 2001; Fernandez et al., 2002;
Ruggero and Pandolfi, 2003].
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cancer and thenucleolar changes.However, it is
important to note that the relations predicted
between nucleolar size and these genetic path-
ways, though widely assumed in the literature,
are still largely unexplored, especially in pros-
tate cells.

PROBLEMS RELATING NUCLEOLAR SIZE
TO RIBOSOME PRODUCTION
OR GROWTH RATE IN PIN

There appear to be at least several exceptions
to the rule that nucleolar size and rate of ribo-
some production are linked. One reason for the
exception is that ribosomes can be produced in
the absence of a grossly organized nucleolus.
This was shown by replacing the clustered ribo-
somal genes of yeast into an equivalent number
of dispersed chromosomal copies [Nierras et al.,
1997]. Ribosome synthesis could proceed and
ribosomal production could be physiologically
repressed even though there was no organized
ultrastructural nucleolus [Nierras et al., 1997].
However, these yeast cells showed decreased
maximal ribsome production rate, and their
ability to physiologically up-regulate ribosome
synthesis was not tested.Drosophila brain cells
were observed to enlarge their nucleoli in
response to loss ofBRAT gene function, but this
occurred without a change in rRNA content
[Frank et al., 2002], suggesting that ribosome
synthesis rate was not altered in spite of an
enlarged nucleolus in this cell type. Serum
starvation, which leads to dephosphorylated
UBF and arrest of ribosomal production [Voit
and Grummt, 2001], does not cause nucleoli to
disappear (Fig. 4) (Fischer AH, unpublished ob-
servation). In fact, except that nucleoli become
slightly more rounded, mitoses are not found,
and cells appear slightly flatter, there is no
perceptible change induced by serum starva-
tion. Although activation of ERK signaling is
known to up-regulate RNA Pol I activity in
fibroblasts [Stefanovsky et al., 2001], a consti-
tutively active MEK1, which activates ERK1
and 2 [Mansour et al., 1994], does not change
fibroblast nucleolar morphology (Fig. 5)
[Fischer et al., 1998b]. Thus, up-regulation of
rDNA transcription per se does not appear to
account for nucleolar size variation, at least in
fibroblasts. This paradox is not a simple con-
sequence of an inability of fibroblasts to alter
their nucleoli since fibroblasts show dramatic
changes in nucleolar size in vivo during wound-

ing. The nucleolar size increase in fibroblasts
following wounding in humans (e.g., as observ-
ed in a re-excision of a biopsy site) is observable
within about 2 days. It becomes maximal after
about 5–7 days and is associated with a grossly
prominent golgi zone, and increased rough
endoplasmic reticulum. Fibroblast nucleoli
become less prominent over the ensuing 4–6
months. Loss of Rb gene product should up-
regulate RNA Pol I (see above), but tumors
characteristically lacking Rb, (for example
small cell carcinomas, and HPV-associated

Fig. 4. Serum starved NIH3T3 cells (maintained for 10 days in
0.5% fetal calf serum) still show nucleoli that are about the same
size as normal NIH3T3 cells, though they tend to have rounded
contours. Since serum starvation is known to inhibit RNA Pol I
transcription and new ribosomal synthesis [Voit and Grummt,
2001], there must be additional factors besides those shown in
Figure 3 that have an impact on nucleolar size.

Fig. 5. NIH3T3 cells expressing a constitutively activemitogen
activated kinase kinase (MEK 1 [Mansour et al., 1994]), which is
400 timesmore active thanwild typeMEK1 at activating ERK 1/2
does not cause a significant change in nucleolar morphology
compared to non-transfected cells [Fischer et al., 1998b]. Since
ERK 1/2 is known to up-regulate UBF phosphorylation and RNA
Pol I activity in mouse fibroblasts [Stefanovsky et al., 2001] there
must be yet additional factors besides those shown in Figure 3
and discussed in Figure 4 that have an impact on nucleolar size.
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cervical intraepithelial neoplasia) charac-
teristically do not show conspicuous nucleoli.
PTEN-null endometrial cells, which could be
anticipated to up-regulate ribosomal protein
synthesis, do not show nucleolar changes
[Mutter et al., 2001].

Though cell lines with rapid growth rates
demonstrate a striking relationship between
nucleolar size and cell-cycle length [Derenzini
et al., 2000], these results may be difficult to
relate to spontaneous human tumors that likely
develop over a period of years with a slower
growth rate than tissue culture cells. PIN ap-
pears slow-growing by both clinical/epidemiolo-
gic and pathologic evidence. The growth rate of
basal cells and putative prostate stem cells
appears to overlap that of PIN [Helpap et al.,
1995]. Mitotic figures are said to be more
common in basal cells than the overlying PIN
cells [Magi-Galluzzi et al., 1998b]. However,
putative stem cells, and basal cells (which, like
PIN, lack p27 expression) generally do not show
as large nucleoli as the overlying PIN cells [De
Marzo et al., 1998a], (and see Fig. 1B). In other
organ types, intraepithelial neoplasia cells can
proliferate orders ofmagnitude faster thanPIN,
yet nucleolar enlargement is characteristically
not present. For example, in cervical intrae-
pithelial neoplasia mitotic figures are readily
found. Yet as a diagnostic trait, nucleoli are
inconspicuous. The presence of nucleoli favors a
benign reactive change over cervical intrae-
pithelial neoplasia. Finally, it is obvious that
cell division is not required for nucleolar
enlargement. For example, post-mitotic adult
human neurons have large nucleoli.

In fact, there is virtually no direct data to see
if nucleolar enlargement in PIN or prostate
cancer is directly related to either increased
ribosome synthesis, or increased cell division
rate! The finding of a nucleolar protein, p120,
which appears specifically up-regulated in
prostate cancer may provide important clues
to the functional significance of nucleolar
alterations in prostate cancer [Kallakury et al.,
1999]. An excellent model for manipulating
nucleolar size in the prostate appears to be the
regression in nucleolar size in prostate cancer
cells and in PIN following androgen blockade
[Vailancourt et al., 1996] (See also references
within). The time-course, ribosomal kinetics,
and signaling pathway for this nucleolar
shrinkage after androgen blockade apparently
have not been studied.

In trying to anticipate what would seem to
necessarily be important functional correlates
of nucleolar size increase in prostate cancer, it is
essential to note that the nucleolus has other
functions besides ribosome production (review-
ed in [Pederson, 1998;Olson et al., 2000]). These
roles are beyond the scope of this review but
include regulation of transport of specific
mRNA’s, maturation of the signal recognition
particle required for protein translocation
across the endoplasmic reticulum during trans-
lation, processing of some tRNA’s, processing of
mRNA splicing factors, and production of
telomerase.

Several genes implicated in PIN cannot be
easily related in any manner to nucleoli.
Examples include glutathione-S transferase Pi
down-regulation [Jimenez et al., 2000], and
alpha-methyl CoA reductase up-regulation
(P504S) [Jiang et al., 2001].

CELL PROLIFERATION AND RIBOSOMES:
CAUSE OR EFFECT?

There is another interpretation to the asso-
ciation between cell proliferation and nucleolar
size. Rather than cell proliferation driving the
need for ribosome production and nucleolar
enlargement, it appears that cell division is at
least sometimes dependent on ribosomeproduc-
tion. Inhibition of new ribosome production
(through deletion of ribosomal protein S6) was
shown to prevent cell-cycle progression, even
when sufficient ‘‘old’’ ribosomes were present
for adequate translation of proteins [Volarevic
et al., 2000]. Two yeast proteins that affect
ribosome production were picked up serendipi-
tously in a screen for their ability to physically
associate with the origin of replication complex:
Noc3p, which was previously known to be
required for pre-rRNA processing [Zhang et al.,
2002], and yph1p, which was found to be
required for 60S ribosome subunit assembly
[Du and Stillman, 2002]. In fact, the interplay
between ribosomal activity and cell cycling is so
intimate, nucleolar and ribosomal metabolism
can be reinterpreted to be a potential regulator
of cell-cycle progression (reviewed in [Ruggero
and Pandolfi, 2003]). Thus, if there is a relation-
ship at all between cell proliferation and
nucleolar enlargement in PIN, the nucleolar
enlargement in PIN could well be the cause
rather than the consequence of increased cell
division.
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NE IRREGULARITY IN PROSTATE CANCER

NE irregularity is a common diagnostic
abnormality in a wide variety of human cancers
(reviewed in [Fischer et al., 2001b, 2003a]).
Normal cells may have NE irregularity at pre-
cise stages of differentiation, (e.g., centrocyte
lymphocytes), and after terminal differentia-
tion. For example, post-mitotic neutrophils and
monocytes have irregular nuclei, and these
irregularities may facilitate migration of these
cells through endothelial cell junctions. Gener-
ally, the NE of most normal, replication-compe-
tent cells is approximately spherical.
Many forms of cancer show NE that deviate

from spherical. The character of these diagnos-
tic NE changes varies from one type of cancer to
another, and even for different clinically dis-
tinctive cancers starting from the same cell of
origin. Perhaps the most common NE abnorm-
ality, which is also the most common diagnostic
abnormality of the NE of prostate cancers, can
be described as deep infoldings in some areas,
occasional aneurismal-like outpouchings in
other areas, and often with fine ruffling in
still other areas of the same nucleus. These
differ in character from long nuclear grooves
and intranuclear inclusions characteristic of
other forms of cancer. NE changes tend to
appear later than the stage of PIN. Small cell
type of cancers (which may arise from prostatic
epithelium) show fragile-appearing NE’s as a
key diagnostic trait. The nuclei of small cell
carcinomas appear to passively conform to each
other in a pattern called ‘‘nuclear molding’’ and
they easily breakwhen the tumors are biopsied,
spilling chromatin in a pattern called ‘‘crush
artifact.’’ Interestingly, small cell carcinomas
lackA-type lamins (see below) that could in part
account for their lack of resiliency (thoughmany
other cell types can lack A-type lamins and not
show such fragility) [Broers et al., 1993, 1997].
Rarely prostate cancers may show deep but
smooth folds dividing the nucleus into discreet
lobes.
The large-scale organization of the NE

defines nuclear shape (reviewed in [Moir et al.,
1995;Holaskaetal.,2002;Fischeretal.,2003a]).
The NE includes of two lipid bilayers with
embedded nuclear pores, and the chromatin-
associated nuclear lamina. The outer lipid
bilayer is continuouswith, and apparently func-
tionally equivalent to the endoplasmic reticu-
lum. There are no integral membrane proteins

known to be unique to the outer NE; all are
shared by endoplasmic reticulum. The inner
lipid bilayer is continuous with the outer nu-
clear membrane at the nuclear pores. The inner
NE contains a large and growing number of
integral membrane proteins, as well as proteins
specifically associated with the inner mem-
brane by virtue of isoprenylation. In turn, these
inner nuclear membrane proteins associate
with a number of non-integral proteins and
chromatin. This chromatin-bound cohort of
proteinsassociatedwith the innernuclearmem-
brane forms a resilient, elastic structure called
the nuclear lamina. Nuclear lamina proteins
have a diversity of functions, indicating thatNE
abnormalities in cancer cells could have a
variety of functional effects. TheNEand lamina
proteins function in defining replication compe-
tence [Newport et al., 1990; Hutchison et al.,
1994; Goldberg et al., 1995; Spann et al., 1997;
Yang et al., 1997; Gant et al., 1999; Moir et al.,
2000]. Lamina proteins also organize transcrip-
tion by binding to and segregating heterochro-
matin [Ye et al., 1997], (reviewed in [Cockell and
Gasser, 1999]). In support of a role of the NE in
regulating transcription, localization of genes
near the NE is associated with their down-
regulation [Kosak et al., 2002]. NE abnormali-
ties are ‘‘conserved in evolution’’ (during tumor
progression and in cells with genetic instabi-
lity), suggesting that they are functionally
significant. NE alterations need to be incorpo-
rated into any comprehensive model of prostate
cancer since they are common in many ad-
vanced prostate cancers.

Several morphometric studies have shown a
correlationbetween loss of roundnuclear shape,
and measures of invasiveness and adverse
clinical outcome in prostate cancers [Epstein
et al., 1984; Partin et al., 1992], (reviewed
in [Mohler et al., 1994]). Correlations between
irregular NE shape and prognosis are also
found in cancers arising in many other organs
including head and neck [Giardina et al.,
1996], breast [Seker et al., 2002], kidney [Nativ
et al., 1996], ovary [Gurley et al., 1994; Liu et al.,
1999], and cervix [Ettler et al., 1999]. A key
metric in the studies of prostate cancer is
nuclear roundness factor, a dimensionless fac-
tor that is essentially the ratio of the perimeter
to the area. The association of NE irregularity
with prognosis in prostate cancer is not perfect,
and the relation is complicated. Surprisingly,
the best associations are not between the
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magnitude of the nuclear roundness factor, but
rather its variation [Epstein et al., 1984; Partin
et al., 1992], as if tumorswithmixtures of round
and irregular nuclei in a tumor have the worst
prognosis. Nuclear area and nuclear perimeter
measurements by themselves appeared to be
poor discriminators of clinical outcome [Partin
et al., 1992]. Therefore, neither size per se, nor
surface area per se appears as important as the
apparent instability of NE shape. In these same
studies, DNA content variation was not as
prognostically significant as the NE changes.
Thus, genetic instability or pleomorphism per
se does not seem to describe this chaotic NE
abnormality. [Mohler et al., 1992].

Relatively little is known about how or why
cancer cells showNE irregularity. In a survey of
seven of themajor structural components of the
NE, no gross alterations in the amounts or
electrophoretic mobilities were observed in a
thyroid model of NE irregularity [Fischer et al.,
2001b]. Further, the immunofluorescent distri-
bution of these NE proteins seemed to passively
follow the irregular NE contour of the cells
without a predictable relation to the various
irregularities. These results suggest that these
NE proteins may play only a passive role in the
genesis of NE irregularity. Two possibilities for
NE irregularity could beenvisaged: post-mitotic
NE reassembly could be abnormal such that
a rounded contour is never achieved before
the next cell division. Alternatively (but not
mutually exclusive), post-mitotic NE reassem-
bly could be normal, but dynamic forces could
deform the NE contour during the subsequent
interphase. As a direct test of whether post-
mitotic NE reassembly is required for expres-
sion of the phenotype of NE irregularity in a
cancer, microinjection was used to express an
oncogene (RET/PTC, a constitutively active
tyrosine kinase) known to be responsible for
the irregular NE phenotype of papillary thyroid
carcinomas [Fischer et al., 1998a]. Microinjec-
tion allowed the timing of expression, and the
requirement for an intervening mitosis to be
controlled. RET/PTC was able to induce NE
irregularity within hours, without a require-
ment for a post-mitotic NE reassembly [Fischer
et al., 2003a].

To see if the dynamic development of NE
irregularity during interphase is seen in tumors
outside the thyroid, we recently expressed
green fluoresent protein conjugated to lamin A
in DU-145 prostate cancer cells to visualize in

time lapse the character of NE irregularity in
this cell line that shows NE irregularity in fixed
cell preparations (Fig. 6). We observed that the
NE of many of the cells were highly dynamic
during interphase (Fig. 7) ([Vanguri et al.,
2003], manuscript in preparation).

Since the tyrosine kinase RET/PTC has only
been tested for its effect on the NE in thyroid
cells, we askedwhether RET/PTC expression in
DU-145 cells could augment the irregularity
already present. Preliminary results suggest
that RET/PTC expression following transfec-
tion leads to a hyper-convoluted nucleus in DU-
145 cells (AH Fischer and JA Nickerson,
unpublished observations). RET has been
demonstrated by immunohistochemistry to be
present in a subset of PIN and prostate cancers
[Dawson et al., 1998], but it is not reported
whether its expression is associatedwith amore
convoluted NE. It seems likely that NE irregu-
larity in prostate cancers will be induced by
some of the cancer genes active in prostate
cancer.

We hypothesize that the dynamic forces that
deform the NE of interphase cancer cells reflect
an imbalance of forces exerted on the NE from
either the cytoskeleton or chromatin (see
[Fischer et al., 2003a] for a full discussion).

Fig. 6. DU145prostate cancer cells provide anexcellentmodel
for studying diagnostic cell structural changes in prostate cancer.
They show prominent nucleoli in spite of relatively scant pale
cytoplasm, and they show stochastic nuclear contour abnorm-
alities. It seemsunlikely that either of these two structural features
can be related simply to cell-cycle speed per se. Primary normal
human prostate epithelial cell nuclei show a flattened but
rounded contour, like the nuclei of the fibroblasts in Figure 4 or 5,
and they tend to show only 2–3 small nucleoli [Fischer et al.,
2001a].
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Chromatin-based forces that could mediate
dynamicNEdynamic deflectionsmaybe related
to the interphase large-scale dynamics of chro-
mosomal domains [Belmont, 2001]. One could
also imagine that the increased cell motility in
some cancer cells could require cytoskeletal
dynamics that deform the NE.
Another potential functional consequence of

NE irregularity that has not received attention
is as follows: NE irregularity at prophase
(Fig. 8A) presents grossly asymmetric chromo-
somes to themitotic spindle apparatus (Fig. 8B).
The spindle checkpoint [Amon, 1999] would be
anticipated to delay progression through meta-
phase until bi-orientation of the chromosomes is
achieved [Tanaka, 2002]. It has been proposed
that cells chronically exposed to mutagens
should be under selection pressure to lose p53
cell-cycle checkpoints [Wynford-Thomas, 1996].
By analogy, there should be a selection pressure
for cells with irregular NEs to lose components
of the spindle checkpoint: If these components
were lost, cells would progress more quickly
through mitosis, and they would not be suscep-
tible to a spindle checkpoint-associated apopto-
tic death [Li et al., 1998].

CONCLUSIONS

Nucleolar enlargement in PIN, and NE
changes characteristic of tumor progression
in prostate cancers, are akin to speciating
characteristics in Darwinian adaptive evolu-
tion. Speciating characteristics in Darwinian
evolution are generally mediated by the genetic
changes responsible for evolution. Based on
available evidence, it does appear that genetic
changes implicated in prostate carcinogenesis
couldmediate the development of nucleolar and
NE changes. Studies of the putative genetic
events in prostate cancer will require a careful
description of cell structure in the experimental
materials to fully test this prediction. More
importantly, phenotypic changes during evolu-
tion provide essential clues to the functional
changes that allow evolution to occur. It is hard
to imagine being able to make any useful
deductions about the mechanism of adaptive
Darwinian evolution without first considering

Fig. 7. Nuclear contour abnormalities in DU145 cells are
dynamic in interphase ([Vanguri et al., 2003] manusciprt in
preparation), as shown in two stereo pair views of the same
nucleus 15 min apart. The cell is labeled with green fluorescent
protein conjugated to lamin A. Since the nuclear envelope (NE)
moves during interphase, forces must be exerted on it, probably
from chromatin or cytoskeletal elements (discussed in [Fischer
et al., 2003a]).

Fig. 8. Nuclear contour changes in cancer cells at prophase (A)
cause chromosomes to be presented in an asymmetricmanner to
the mitotic spindle apparatus at metaphase (B). One may
anticipate that this slows progression through the bi-orientation
spindle checkpoint. Loss of a bi-orientation spindle checkpoint
[Amon, 1999], and loss of a spindle checkpoint-associated
apoptotic death [Li et al., 1998]wouldbe favored in cellswithNE
asymmetries.
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the associated phenotypic changes. Conserva-
tion of structure through evolution provides the
strongest evidence that the structure is func-
tionally important, and in fact nucleolar enlar-
gement in PIN and subsequent NE irregularity
are conserved in genetically unstable invasive
prostatic adenocarcinomas. With such a large
energy cost associated with increasing ribo-
some production and nucleolar size, and with so
many levels of regulation imposed on nucleolar
and NE function, these diagnostic alterations
must represent major physiologic shifts for
the evolving cancer cells. Prostate cancer re-
search clearly should benefit by uncovering the
structural and genetic basis of nucleolar and
nuclear envelope changes.
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