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Targeted cancer treatments rely on understanding
signalling cascades, genetic changes, and compensatory
programmes activated during tumorigenesis. Increasingly,
pathologists are required to interpret molecular profiles of
tumour specimens to target new treatments. This is
challenging because cancer is a heterogeneous disease—
tumours change over time in individual patients and
genetic lesions leading from preneoplasia to malignancy
can differ substantially between patients. For childhood
tumours of the nervous system, the challenge is even
greater, because tumours arise from progenitor cells in a
developmental context different from that of the adult, and
the cells of origin, neural progenitor cells, show
considerable temporal and spatial heterogeneity during
development. Thus, the underlying mechanisms regulating
normal development of the nervous system also need to be
understood. Many important advances have come from
model mouse genetic systems. This review will describe
several mouse models of childhood tumours of the nervous
system, emphasising how understanding the normal
developmental processes, combined with mouse models of
cancer and the molecular pathology of the human
diseases, can provide the information needed to treat
cancer more effectively.
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I
n many forms of adult cancer, the cell of origin
is well understood; this understanding is based
on the location of the tumour, the molecular

markers expressed in the tumour cells, and the
histological and clinical features of the disease.
However, even for well characterised adult
cancers, it is widely accepted that tumorigenesis
is a multistage process involving sequential
genetic or epigenetic changes.1 For example, cells
that re-enter the cell cycle must become growth
factor independent, escape apoptosis, maintain
their telomeres, reorganise the surrounding
vasculature, and acquire invasive properties to
become metastatic cancer (fig 1A).1 Because
tumour cells change so dramatically over time,
there is considerable heterogeneity at both the
molecular and histopathological levels (fig 1B).
This heterogeneity becomes more complex when
we consider that tumour cells from different
patients can undergo different genetic changes
(fig 1C), and a single tumour may be composed
of a mixture of cells at various stages of
tumorigenesis. For example, approximately 20%
of neuroblastomas exhibit an amplification of

the MYCN gene, but the other 80% are believed
to undergo distinct genetic changes.2

For childhood tumours of the nervous system,
the cell of origin and the environment in which
tumorigenesis occurs are much more difficult to
define. Many of these tumours arise from neural
progenitor cells, which constantly undergo
changes over the course of development (fig 2)
in a highly dynamic environment.3–6 Unlike most
adult tumours, developmental tumours prolifer-
ate in an environment rich in growth factors.5 7 8

Moreover, in the developing nervous system,
mitotic and postmitotic cells migrate in a series
of carefully choreographed patterns.9–11 Once
these cells reach their destination, apoptosis
precisely trims away a small subset of the
neurones and glia.12 Blood vessels that supply
the nervous system also rapidly expand in
patterns directed by the developing neurones
and glia.13 If proliferation becomes deregulated
as a result of genetic and possibly epigenetic
changes in the neural progenitor cells, then
several compensatory mechanisms within the
progenitor cells prevent developmental disas-
ters.5 Efforts to understand each step of tumori-
genesis in the context of this changing neural
progenitor cell population and dynamic environ-
ment have resulted in some exciting discoveries
that can help molecular pathologists elucidate
the underlying defects in childhood tumours of
the nervous system, which is a necessary first
step towards helping clinicians target treatments
for these malignancies.

‘‘Approximately 20% of neuroblastomas
exhibit an amplification of the MYCN gene,
but the other 80% are believed to undergo
distinct genetic changes’’

A better understanding of the normal develop-
mental processes that regulate the formation of
the nervous system has contributed to our under-
standing of tumorigenesis in those tissues and is
helping target cancer treatment. Many of the
major advances in our understanding of develop-
mental neurobiology have come from genetic
studies in model systems such as mice. For
example, a transgenic model of neuroblastoma
that recapitulates MYCN amplification in neural
crest progenitor cells relied on the understanding
of normal neural crest development to target

Abbreviations: APC, adenomatous polyposis coli; CNS,
central nervous system; E, embryonic day; EGL, external
germinal layer; GSK-3b, glycogen synthase kinase 3b;
Lig4, DNA ligase IV; P, postnatal day; PARP, poly (ADP-
ribose) polymerase; SCID, severe combined
immunodeficiency disorder; TCF/LEF, T cell factor/
lymphoid enhancer factor
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Figure 2 Neural progenitor cells exhibit temporal and spatial heterogeneity. (A) During the development of the nervous system, progenitor cells pass
through distinct stages of competence in a unidirectional manner. These stages are defined by the ability of progenitor cells to give rise to different
subsets of differentiated neurones or glia. For example, early stage progenitor cells are competent to give rise to only early born cell types, and late
stage progenitor cells are competent to give rise to only late born cell types. (B) Patterns of proliferation or cell division change over time in concert with
the changes in progenitor cell competence. Early during development, progenitor cells tend to give rise to more proliferating, immature progenitor cells.
Later, a mixture of postmitotic daughter cells and mitotic daughter cells is generated. At the end of histogenesis, neural progenitor cells undergo
terminal cell cycle exit and produce postmitotic neurones and glia. Neural progenitor cells may be more susceptible to transformation at particular
stages of development. (C) Some of the molecules involved in the temporal and spatial heterogeneity of the developing retina have been identified.
These include both cell cycle proteins (p27, p57, cyclin D1, and cyclin D3) and transcription factors (Prox1). In the embryonic retina, some progenitor
cells use p27 to exit the cell cycle, and others use p57; this is an example of spatial heterogeneity. Similar results have been obtained with cyclins D1
and D3. Prox1 is expressed in a subset of dividing retinal progenitor cells embryonically, a finding that indicates that there is spatial heterogeneity for
this homeobox gene. Interestingly, Prox1 also exhibits temporal heterogeneity, because late stage progenitor cells do not use Prox1 at all. During later
stages of development, Prox1 is expressed only in postmitotic horizontal cells. E, embryonic day; P, postnatal day.

Figure 1 Tumours exhibit temporal and spatial heterogeneity. (A) The transition from preneoplastic lesion to metastatic cancer is believed to involve
multiple genetic or epigenetic changes including growth factor independence, escape of apoptosis, preservation of telomeres, recruitment of
vasculature, and acquisition of invasive properties. (B) Retinoblastomas exhibit histological heterogeneity, such as Homer-Wright rosettes, which lack a
lumen, and Flexner-Wintersteiner rosettes, which contain an obvious lumen. Another histological feature of some retinoblastomas are vitreal seeds,
which are small clusters of cells that are free floating in the vitreous of the eye. In some tumours, glial fibrilary acidic protein (GFAP) immunopositive
glial cells surround the vessels (CD31), whereas in other tumours, such glial association is absent. The protein p21 is an example of molecular
heterogeneity in retinoblastoma. Some nuclei of the viable tumour are clearly p21 immunopositive, and others are p21 immunonegative. In contrast,
PTEN is expressed in almost all retinoblastoma cells. (C) Different pathways lead to tumorigenesis. In neuroblastoma, MYCN amplification accounts for
a subset of the most aggressive tumours, and serial analysis of the same tumours revealed that tumours lacking MYCN amplification early, rarely
acquire such mutations later. Thus, there are probably distinct pathways (MYCN amplification and non-MYCN amplification) that lead to
neuroblastoma. In medulloblastoma in the mouse, a variety of genetic alterations can lead to tumour formation. Interestingly, many of these mutations
in distinct pathways eventually lead to Gli1 activation, which is important for tumour proliferation. Thus, disparate pathways may converge on a
common target, Gli1. In retinoblastoma, most tumours share a common initiating event—RB (the retinoblastoma gene) inactivation. After RB
inactivation and subsequent deregulated growth, the different tumours might progress down distinct, divergent pathways leading to malignant
transformation. gcl, ganglion cell layer; inbl, inner nuclear basal layer; inl, inner nuclear layer; onbl, outer nuclear basal layer; onl, outer nuclear layer.
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ectopic MYCN expression to the appropriate cell at the
appropriate time during development.14 In addition, early work
on the role of the hedgehog signalling pathway in cerebellar
development provided a crucial link between mutations in this
pathway and medulloblastoma,15 Similarly, recent advances in
our understanding of the role of the retinoblastoma (RB)
family of proteins in regulating retinal development has been a
key factor in designing in vivo genetic models that faithfully
recapitulate human retinoblastoma (M A Dyer, unpublished
data, 2004). Although mouse models have their limitations,
when they are combined with xenograft models using human
tumour cell lines and molecular pathological findings in
patients with the disease, they can provide some of the missing
links that may have otherwise been overlooked. Taken
together, these examples highlight the importance of synergis-
tic approaches to the treatment of childhood malignancies of
the developing nervous system.

‘‘A better understanding of the normal developmental
processes that regulate the formation of the nervous system
has contributed to our understanding of tumorigenesis in
those tissues and is helping target cancer treatment’’

Neural stem cells and neural progenitor cells
The cell of origin in many childhood tumours of the central
nervous system (CNS) and peripheral nervous system is an

immature dividing cell. Experimental evidence indicates that
there are two distinct populations of proliferating undiffer-
entiated cells: progenitor cells and stem cells.4 16 In both the
central and peripheral nervous systems, multipotent, dividing
progenitor cells undergo progressive rounds of cell division and
give rise to different classes of neurones and glia at different
stages of development.5 6 17 18 Neural crest progenitor cells also
have the potential to give rise to non-neuronal cells, including
cartilage and melanocytes.19 20 Neural progenitor cells are
thought to undergo unidirectional changes in their competence
to give rise to the different cell populations.4 That is, the
potential of an early stage progenitor cell is different from that
of a late stage progenitor cell. At the end of histogenesis, when
all of the cell types have been generated, the last remaining
neural progenitor cells exit the cell cycle and undergo terminal
differentiation. Neural progenitor cells share many features
with neural stem cells; however, there are two important
distinctions. First, progenitor cells do not retain their potential
to make all of the cell types in the tissue of interest. As
mentioned above, with successive rounds of cell division, the
developmental potential of progenitors becomes more
restricted. Second, progenitor cells do not retain an unlimited
proliferative potential; that is, they eventually undergo terminal
cell cycle exit, and the differentiated neurones and glia rarely
re-enter the cell cycle.5 21 Thus, stem cells are a specialised
subset of progenitor cells that retain the ability to give rise to all
the cell types in the tissue and to self renew by cell division.22 It
is difficult to identify stem cells during development, because
they are so similar to progenitor cells, and because the lineage
relation between neural stem cells and neural progenitor cells
has not been elucidated for most regions of the nervous
system.23–25 Many of the best characterised stem cells have been
studied in fully differentiated tissues, because they are much
easier to identify when surrounded by postmitotic differen-
tiated cells. It is also important to point out that many of these
stem cell populations have been defined only experimentally
and as yet have no normal in vivo function.16 Of course, this is
of little consequence when considering the use of these cells for
the treatment of degenerative disorders.26 Yet, in childhood
cancer of the nervous system, we are concerned primarily with
the normal and aberrant function of progenitor cells, because
they make up most of the cells in the developing nervous
system and are most likely to be the cells that undergo genetic
alterations that ultimately give rise to cancer. It cannot be ruled
out that childhood cancer of the nervous system arises from
stem cells in those tissues, but current estimates of stem cell
frequency in the developing neural crest,27 cerebellum,28 and
retina16 suggest that this is probably not the case. Moreover,
neuroblastoma, medulloblastoma, and retinoblastoma are
rarely diagnosed in adults, who are believed to retain stem
cells in each of these neural tissues.

NEUROBLASTOMA
Clinical features
There are approximately 700 new cases of neuroblastoma
each year in the USA so that neuroblastoma accounts for
7.5% of all childhood (patients , 15 years old) cancer.29

Neuroblastoma is more prevalent in younger children (, 5
years old), and it is the most common cancer in infants (, 1
year old). This cancer is believed to arise from neural crest
progenitors in the peripheral nervous system during devel-
opment.2 Neuroblastoma exhibits considerable clinical
heterogeneity,2 which probably reflects genetic heterogeneity
in the tumour cells, heterogeneity of the progenitor cell
population in which the tumour arises, or both. In some
infants, the tumour undergoes spontaneous regression or
presents as a benign ganglioneuroma. However, children
older than 1 year who present with neuroblastoma have a
poor prognosis as a result of extensive metastases.30

Figure 3 Spatial heterogeneity of the neural crest. The developing neural
crest can be divided into four regions based on the migration of the neural
crest progenitor cells and fates adopted by their daughter cells. For
example, cranial neural crest cells give rise to sensory ganglia and facial
cartilage; vagal neural crest and lumbosacral neural crest cells populate
the enteric nervous system; and the trunk neural crest cells give rise to
melanocytes, Schwann cells, and adrenal medulla. Neuroblastoma is
believed to arise from trunk neural crest progenitor cells.
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Neural crest development
The neural crest is a transient, highly migratory population of
multipotent progenitor cells that gives rise to the neurones and
glia of the peripheral nervous system and other diverse cell
types such as melanocytes and cranial cartilage.19 20 During
early development, the dorsal neural tube gives rise to neural
crest precursor cells; this stage of development is characterised
by an epithelial–mesenchymal transition. That is, the neural
crest cells exhibit a ‘‘fibroblast-like’’ mesenchymal morphology,
which is characteristic of cells that migrate over long distances.
The neural crest represents one of the most dramatic

examples of progenitor cell heterogeneity.31 The neural crest
can be divided into four regions along the anterior–posterior
axis (cranial, vagal, trunk, and lumbosacral neural crest)
(fig 3); these regions are based on the types of cells that they
give rise to and the areas of the embryo that those cells
populate.32–34 Like that of progenitor cells in the CNS, the fate
of daughter cells generated by neural crest progenitor cells is
determined by intrinsic and extrinsic cues along the anterior–
posterior axis.17 32 35–38 Similarly, there is an order in which the
different types of neural crest cells are produced; early cells
follow a ventral pathway, and late cells follow a more dorsal
pathway. Late generated cells in the trunk neural crest give
rise to melanocytes, and these cells appear to undergo
unidirectional changes in potential, such that they have only
a limited capacity to generate sympathetic neurones.

‘‘It is not surprising that a tumour arising from a cell
population that is highly migratory and simultaneously
proliferates gives rise to the most deadly form of childhood
cancer of the nervous system––neuroblastoma’’

Progenitor cells in the CNS stop dividing before they migrate;
however, one of the unique features of neural crest cells is that
they continue to divide as they migrate. Some neural crest cells
even continue to divide after they have adopted certain neu-
ronal characteristics. Thus, it is not surprising that a tumour
arising from a cell population that is highly migratory and
simultaneously proliferates gives rise to the most deadly form
of childhood cancer of the nervous system––neuroblastoma.
Neuroblastoma arises primarily in two locations—the

adrenal medulla and paraspinal sympathetic ganglia—with
approximately equal frequency.2 Both of these tissues are
derived from the trunk neural crest progenitor cells. Intrinsic
properties or an extrinsic cue unique to the trunk region of the
neural crest may make those cells more susceptible to
tumorigenesis.

Molecular genetics
Exposure to environmental toxins is probably not a major
source of neuroblastoma,2 and it is probably not a cause of
other childhood cancers of the nervous system either. The
heritable form of neuroblastoma makes up 20% of cases, and
the sporadic form comprises 80%.39 Whether these two forms
represent similar or disparate genetic alterations, epigenetic
alterations, or both remains unknown. The heritable form
presents at an earlier age; the median age at diagnosis of
heritable neuroblastoma is 9 months, and that of sporadic
neuroblastoma is 18 months. In addition, the heritable form
of the disease is multifocal. These findings are consistent
with the ‘‘two hit’’ mechanism of tumour initiation.39 The
first genetic alteration to be associated with neuroblastoma
was the protooncogene NRAS.40 However, that study was
carried out on a neuroblastoma cell line, and subsequent
analysis of primary tumours revealed that NRAS activation is
a rare event in neuroblastoma transformation in humans.41

To date, the best characterised genetic alteration in human
neuroblastomas is amplification of the Myc related gene
MYCN.42 MAX forms a heterodimer with MYCN and activates

the transcription of genes that are thought to promote cell cycle
progression. Approximately 20% of patients with neuroblas-
toma in the USA exhibit amplification of theMYCN locus.2 This
chromosomal amplification is associated with rapid tumour
progression and poor prognosis. Interestingly, sequential
analysis of neuroblastomas from individual patients revealed
that those who initially lack MYCN amplification rarely acquire
it later during tumorigenesis.43 This finding suggests that the
MYCN pathway is a distinct pathway in approximately one
fifth of neuroblastomas, and the other four fifths of tumours
may arise from distinct genetic alterations. Some neuroblasto-
mas have high amounts of MYCN protein without amplifica-
tion of the 2p24 MYCN locus.44 Whether this results from
genetic or epigenetic change is not known, and neither has it
been determined whether these tumours are as aggressive as
those harbouring multiple copies of 2p24. It has also not yet
been determined whether neural crest progenitor cell hetero-
geneity accounts for any part of the distinct pathways leading
to neural crest transformation and neuroblastoma. For
example, there may be a subset of progenitors at a given
developmental stage or at a particular position in the trunk
neural crest that are specifically dependent on MYCN for their
normal proliferation and are more susceptible to transforma-
tion through MYCN amplification.
Alterations in several other loci have been associated with

the heritable form of neuroblastoma, including 1p36 and
16p12–13.2 In particular, loss of heterozygosity at 1p is
strongly associated with MYCN amplification and poor pro-
gnosis. The relevant genes associated with these loci have not
yet been identified, and neither has their relative contribution
to neuroblastoma been determined. Along with amplification
of MYCN at 2p24, DNA at other chromosomal locations,
including 12q13 (MDM2) and 1p32 (MYCL), is amplified in
neuroblastoma.2 The relative contribution and independent
prognostic value of these and other chromosomal regions,
such as chromosome 17 trisomy, have yet to be determined
for neuroblastoma.

Histopathological correlation with genetic changes
MYCN amplification is strongly correlated (31%) with the
advanced stages of neuroblastoma (stages 3–4) and a poor
three year outcome (30% probability of survival). Only 4% of
patients with early stage neuroblastoma (stages 1–2) have
MYCN amplification. Those patients without MYCN amplifica-
tion have an excellent three year outcome (90% probability of

Figure 4 The cerebellum is generated from two distinct progenitor cell
populations. (A) The granule cells are produced from progenitor cells
that migrate from the rhombic lip early during development. Once they
arrive at the developing cerebellum, these cells proliferate extensively to
produce the external germinal layer (EGL). (B) After this period of
proliferation, the granule cell progenitors migrate along the processes of
the Bergmann glia and begin to differentiate. Sonic hedgehog secreted
by the Purkinje cells regulates the proliferation of the granule cell
progenitors in the EGL, which express the hedgehog receptor, patched.
Some forms of medulloblastoma are believed to arise from granule cell
precursors that have sustained mutations in the hedgehog signalling
pathway.
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survival). In addition to MYCN amplification, a few other
general chromosomal alterations have been described.2

Trisomy at 17q, the most common genetic alteration in
neuroblastoma, may be associated with more aggressive
tumours, but multivariate analysis has not yet established the
prognostic relevance of amplification of the long arm of
chromosome 17. Chromosome 1p deletion occurs in approxi-
mately 80% of otherwise diploid tumours. More specific
studies have revealed that loss of 1p36 is not of prognostic
value in terms of patient survival, but it is highly predictive of
disease progression.2 As mentioned above, NRAS activation is
a rare event in neuroblastoma. However, HRAS activation is
associated with a better outcome.45 It has been proposed that
the normal signalling cascade involving RAS and tyrosine
kinase receptors leads to cell cycle exit, which is associated
with differentiation during development of the neural crest.
Thus, tumour cells with HRAS signalling may have a lower
mitotic index and be less aggressive overall. Indeed, this is an
excellent example of the importance of understanding the
normal developmental pathway and the consequential
genetics of the disease as it relates to prognosis. By showing
that HRAS activation in neural crest progenitor cells induces
differentiation and that this differentiation correlates with
less aggressive neuroblastoma, investigators have revealed a
pathway to target chemotherapy.
Genes that are often mutated in adult tumours such as

p53, p16, p18, p27, and NF1 are rarely disrupted in
neuroblastomas.2 In some cell lines derived from neuroblas-
toma, mutations in these genes are more common, but this is

probably the result of genetic changes in the immortal cell
lines. This finding lends additional support to the idea that
childhood tumours are fundamentally different from adult
cancers, both in their cell of origin and possibly in the genetic
lesions that lead to malignancy.

Xenograft mouse model of neuroblastoma
Orthotopic and heterotopic xenograft models in rodents, as a
follow up to cell culture studies, have been the most widely
used models to date for studies of drug efficacy. Several
neuroblastoma cell lines are available for xenograft experi-
ments, but they have several caveats that must be considered
when designing xenograft experiments. As with NRAS and
other genes that regulate proliferation and differentiation,
mutations have probably occurred in the process of selecting
cell lines in vitro. These additional mutations may mask or
enhance the pathways that are altered in the original tumour
and complicate the analysis of neuroblastoma xenografts.
Even if the tumour cell lines resemble neuroblastoma in situ,
it may be difficult to assess which stage of tumorigenesis or
which progenitor cell of origin a particular cell line
represents. The best xenograft studies rely on the use of
multiple cell lines in orthotopic transplantation studies.
To prevent rejection of the human tumour cells in mice,

experiments must be carried out in immunocompromised SCID
(severe combined immunodeficiency disorder) or immunosup-
pressed animals. As expected, a side by side comparison
of orthotopic (adrenal) neuroblastoma xenografts and

Figure 6 Wnt signalling leads to b catenin stabilisation. (A) In the
absence of Wnt signalling through its frizzled (Frz) receptor, the b catenin
transcriptional regulator is degraded by a complex made up of AXIN1,
GSK-3b, and APC. As a consequence, b catenin responsive genes are
transcriptionally inactive, in part as a result of repression by the groucho
(Gro) repressor. (B) When Wnt binds to the Frz receptor, degradation of
b catenin is blocked; b catenin translocates to the nucleus and activates
transcription of b catenin responsive genes through the T cell factor/
lymphoid enhancer factor (TCF/LEF) family of transcriptional regulators.

Figure 5 Hedgehog signalling leads to Gli1 activation. (A) In the
absence of hedgehog (Hh) its receptor patched (Ptc) blocks smoothened
(Smo), which leads to sequestering of the Gli1 transcription factor by a
complex made up of Cos2, SUFU, Fu, and microtubules. Expression of
Gli1 target genes is reduced in the absence of Hh signalling. (B) When
hedgehog is present, Smo is no longer repressed and releases Gli1 to
move into the nucleus and activate transcription of Gli1 target genes.
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heterotopic (subcutaneous) neuroblastoma xenografts in
SCID mice demonstrated more relevant tumour biology by
using the orthotopic models.46 Interestingly, different cell
lines metastasised to distinct sites, a finding that suggests
inherently different properties of the tumour cell lines
themselves. One of the drawbacks of this system is that it
is time consuming; thus, it is a poor choice for screening large
numbers of different antitumour compounds. Another
limitation is that the stage of injection of the neuroblastoma
cells is not developmentally appropriate—cells are typically
injected into mature animals, whereas the disease occurs
during development in children. The optimal xenograft
model of neuroblastoma would be in an orthotopic site at
an appropriate developmental stage to mimic the environ-
ment of endogenous neuroblastoma.

Transgenic mouse model of neuroblastoma
Because neuroblastoma in humans is associated with gross
genomic alterations, including trisomy and regional chromo-
somal amplification, a transgenic approach was appropriate
for generating a mouse model of this malignancy. To achieve
this, Weiss and colleagues14 generated a transgenic mouse
with the tyrosine hydroxylase gene driving MYCN expression
in the neural crest of developing mouse embryos. Tyrosine
hydroxylase is expressed in the migrating cells of the neural
crest and in the sympathetic ganglia and adrenal medulla
arising from the trunk neural crest cells.47 Although the
precise timing of MYCN amplification in human neuroblas-
toma is not known, this transgenic mouse approach comes as
close as possible to those cases of human neuroblastoma that
have MYCN amplification. MYCN transgenic mice develop
neuroblastoma that closely resembles the human disease. The
site of tumours, tumour morphology, and subsequent gain
and loss of chromosomal regions is remarkably similar to that
seen in human neuroblastoma.

‘‘The optimal xenograft model of neuroblastoma would be
in an orthotopic site at an appropriate developmental
stage to mimic the environment of endogenous neuro-
blastoma’’

Despite all of the advantages of the transgenic MYCN
model, the one drawback is that MYCN is expressed by many
cells in the transgenic mouse, rather than just a single cell or
a small number of cells, which is probably the case in
neuroblastoma in humans. Such a large number of neural
crest progenitor cells with altered MYCN expression may alter
the developmental environment and lead to changes in
neuroblastoma progression that do not faithfully recapitulate
the human disease.

Targeted treatments
Large scale screening of children between the ages of 6
months and 1 year for neural crest derived tumours has
increased the detection of neuroblastoma. Unfortunately,
there has not been a concomitant reduction in the death rate
as a result of early detection.48 49 Current treatments are
clearly not sufficient to cure neuroblastoma, even when
diagnosed early. This is partly because of our incomplete
understanding of neural crest development and the genetic
lesions that lead to deregulated proliferation and transforma-
tion of neural crest progenitor cells.
To date, the best molecular target for treatment for

neuroblastoma is MYCN.50 Although amplification occurs in
only about 20% of neuroblastomas, it is correlated with a
poor prognosis and thus has the greatest current potential for
targeted antineuroblastoma treatment. Several approaches
currently being studied focus on reducing amounts of MYCN
mRNA by using antisense oligonucleotides or RNA.51 In

culture, different neuroblastoma cell lines respond differently
to antisense treatment. Some undergo cell cycle arrest and
initiate differentiation, whereas others execute apoptosis. To
date, these phenomena have been studied only in cultured
cells, and one of the most substantial clinical challenges for
using MYCN antisense treatment is delivering the antisense
molecules to the neuroblastoma cells in patients. Another
potential obstacle to MYCN antisense treatment is the
possibility of side effects resulting from MYCN downregula-
tion in surrounding normal cells during development of the
neural crest derived tissues.
An alternative approach to reduce the function of MYCN

in neuroblastomas harbouring MYCN amplification has
focused on designing small molecules that interfere with
the formation of the MYC–MAX heterodimer, which is
essential for MYCN mediated gene activation.52 A high
throughput screen of peptidomimetric libraries has led to
the identification of several small molecules that may disrupt
MYC–MAX dimerisation. Some of these small molecules
were subsequently found to block MYC induced oncogenic
transformation in fibroblast cultures. If small molecules that
block MYC–MAX heterodimerisation bind the leucine zipper
or helix–loop–helix domain of either protein, then it will be
important to establish MYC–MAX specificity, because leucine
zipper and helix–loop–helix domains are found on a variety
of proteins that regulate several different processes during
development.

Neuroblastoma summary
Neuroblastoma is derived from trunk neural crest progenitor
cells, which are temporally and spatially heterogeneous and
develop in diverse local environments. These cells are
migratory, and the tumours that arise from the neural crest
progenitor cells often metastasise to distant organs. The best
studied genetic lesion in neuroblastoma is MYCN amplifica-
tion. A transgenic mouse with MYCN amplification faithfully
recapitulates many aspects of the human disease, and by
combining high throughput cell culture, xenograft models,
and this transgenic mouse model, researchers are now trying
to target MYCN for antineuroblastoma treatment.

MEDULLOBLASTOMA
Cerebellar development
The postmitotic neurones and glia of the mature cerebellum
are derived from two distinct progenitor cell populations,
namely: (a) subventricular progenitor cells, which give rise to
the Purkinje cells, Golgi neurones, and glial cells53; and (b) a
second, distinct pool of progenitor cells, which migrate
rostrally from the rhombic lip, over the surface of the anlage,
to form the external germinal layer (EGL) and give rise to the
granule cells (fig 4). These cells continue to divide and
expand until the EGL is approximately eight cells thick.
Around the second postnatal week in the mouse, the granule
cells stop dividing and migrate radially along Bergmann glia
to form the internal granule cell layer and extend dendrites.
Granule cells are the most abundant cell in the brain; in the
mouse, they outnumber Purkinje cells 250 : 1, and in
humans, this ratio is approximately 400 : 1. The ratio of
granule cells to Purkinje cells is regulated by the period of
proliferation of the different progenitor cell populations. The
cells that give rise to the Purkinje cells in the subventricular
matrix divide from embryonic day (E) 11 to E14 in the
mouse, whereas those that give rise to the granule cells divide
from E13 to postnatal day (P) 15. There is now considerable
evidence that factors secreted by the Purkinje cells regulate
the proliferation of the granule cell progenitors in the EGL. In
particular, Purkinje cells secrete sonic hedgehog, and the
granule cell progenitors express the hedgehog receptor
patched.54 55 In this context, hedgehog signalling promotes
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proliferation of EGL cells. Although there is still a great deal
to learn about the regulation of granule cell progenitor
proliferation, it is apparent that there is heterogeneity in the
cell cycle components that are used. For example, analysis of
the single D-type cyclin mice revealed that EGL progenitors
are uniquely dependent on cyclin D1 and D2, whereas the
progenitors that give rise to the Purkinje cells are not.56 Thus,
these two progenitor cell populations rely on different
components of the cell cycle machinery.

Clinical features
Medulloblastoma is the sixth most common malignancy in
infants, accounting for 4% of all tumours. Approximately
3.5% of childhood tumours are medulloblastomas,57 58 and
there are 350 new cases each year in the USA. The median
age of presentation is 9 years. No race preference has been
detected, but the tumour is slightly more common in boys
than in girls (1.5 : 1). Boys tend to have a worse outcome.
It is thought that medulloblastoma arises from EGL cells
that have undergone genetic alterations in their pathway
regulating cell cycle exit.59 60 Hart and Earle61 hypothesised
that primitive neuroectoderm is the source of medulloblas-
toma. Because medulloblastoma is thought to arise from a
cell population that is committed to or at least biased to give
rise to granule cells, one might expect a relatively uniform
tumour presentation.

‘‘It is thought that medulloblastoma arises from external
germinal layer cells that have undergone genetic altera-
tions in their pathway regulating cell cycle exit’’

Most (80%) medulloblastomas are classified as the classic
variant.62 Classic medulloblastoma tumour cells are charac-
terised by small symmetrical nuclei, and the cells are organised
into layers or sheets of cells. The remaining 20% of
medulloblastomas include desmoplastic, large cell, melanotic
medulloblastoma, and medullomyoblastoma. Desmoplastic
medulloblastoma tumours consist of clusters of cells sur-
rounded by collagen rich tissue. These nodules of tumour cells
exhibit characteristics of early differentiation based on mor-
phological and molecular characteristics. Large cell medullo-
blastoma is characterised by a relatively high ratio of cytoplasm
to nucleus, and these cells, like some other medulloblastoma
cells, exhibit anaplasia. Melanotic medulloblastoma and
medullomyoblastoma are exceptionally rare; melanotic
medulloblastoma is characterised by the production of mela-
nin, and medullomyoblastoma is characterised by the produc-
tion of muscle specific proteins. Whether these variants of
medulloblastoma reflect some intrinsic heterogeneity in the
progenitor cell population that gave rise to the tumour or
differences in the timing of tumour formation and spatial
heterogeneity is unknown. The variants may also reflect dis-
tinct consequences of broad genetic changes, such as genomic
instability. Nonetheless, classic medulloblastoma and tumours
with nodularity and desmoplasia have similar clinical out-
comes. The only clinical predictor of outcome is anaplasia—as
anaplasia increases, the clinical outcome becomes worse.

Molecular genetics
There are both heritable and sporadic forms of medulloblas-
toma but most (95%) patients present as sporadic cases. The
heritable forms include several well characterised syndromes

Figure 7 Retinal neurones and glia are generated in an evolutionarily conserved order during development. (A) The seven classes of retinal cell types
(rods, cones, bipolar cells, amacrine cells, horizontal cells, ganglion cells, and Müller glia) are generated in a precise order during development. As in
other regions of the nervous system, retinal progenitor cells are thought to undergo unidirectional changes in competence to give rise to the different
retinal cell types. Retinoblastoma is thought to arise from a retinal progenitor cell, and depending on when during development the second RB allele is
mutated, the tumour may express markers of different retinal cell types. Importantly, the timing of the exit from the cell cycle is also crucial for normal
retinal development, because the different classes of cell types are produced in distinct ratios. If too many cells exit the cell cycle during the early stage of
development, then the proportion of early born cell types increases at the expense of that of late born cell types. (B) For example, the ratio of rods to
horizontal cells in the mouse retina is approximately 140 : 1. (C) A differential interference contrast image of mouse retinal section showing the outer
nuclear layer and the inner nuclear layer. gcl, ganglion cell layer; inl, inner nuclear layer; ipl, inner plexiform layer; onl, outer nuclear layer; opl, outer
plexiform layer; os, outer segments.
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that result from the inactivation of known genes. Li-Fraumeni
syndrome is a result of p53 gene inactivation and often
presents as medulloblastoma. Loss of part of chromosome 17 is
the most common genetic lesion in medulloblastoma62 63 and
may contribute to large cell/anaplastic forms of the disease.64

Turcot syndrome is a result of APC (adenomatous polyposis
coli) gene inactivation, and naevoid basal cell carcinoma, or
Gorlin syndrome, is associated with a mutation in PTCH1.65

Despite the relatively rare inactivation of PTCH1 in heritable
medulloblastoma, the identification of the gene associated with
Gorlin syndrome led to the analysis of sporadic medulloblas-
toma. It was found that the hedgehog pathway is inactivated in
a variety of sporadic cases, as it is in heritable Gorlin syndrome.
The discovery that hedgehog signalling is important for normal
EGL progenitor cell proliferation during cerebellar development
provides further evidence of the importance of this signalling
pathway in medulloblastoma.
The genetic disruption of hedgehog signalling associated

with medulloblastoma results in constitutive activation of
downstream targets, such as Gli1, and deregulated prolifera-
tion of EGL progenitor cells. It is not surprising that the
pathway, which is crucial for regulating normal EGL pro-
liferation (fig 5), is also mutated in tumours of this tissue. The
identification of a wide variety of mutated loci, all involved in
hedgehog signalling, emphasises the importance of this
pathway in the regulation of EGL progenitor cell proliferation.
Currently, it is predicted that the hedgehog pathway is
mutated in approximately 10–25% of medulloblastoma cases.66

The real proportion of medulloblastomas with hedgehog
pathway mutations may prove to be greater than current
estimates as additional hedgehog pathway signalling compo-
nents are analysed in these tumours.

‘‘The genetic disruption of hedgehog signalling associated
with medulloblastoma results in constitutive activation of
downstream targets, such as Gli1, and deregulated
proliferation of external germinal layer progenitor cells’’

The association of medulloblastoma with Turcot syndrome
led to the identification of mutations in the wingless–wnt
pathway.67 68 In the cytoplasm, the b catenin transcriptional
activator associates with the APC tumour suppressor protein,
glycogen synthase kinase 3b (GSK-3b), and AXIN1 (fig 6).
When associated, b catenin is phosphorylated and targeted for
proteosomal degradation. When the wingless–wnt pathway is
stimulated, GSK-3b kinase is blocked, b catenin is stabilised,
and it can then move to the nucleus where it activates the TCF/
LEF (T cell factor/lymphoid enhancer factor) transcriptional
regulators. As a result, genes such as cyclin D1 and MYCC are
upregulated, and cells progress through the cell cycle.
Several mutations have been described that affect the

wingless–wnt pathway, and such alterations may account for
approximately 18–25% of all medulloblastoma cases based on
those that express high amounts of b catenin.67 68 A detailed
study of the roles of b catenin and the wnt–wingless pathway
in cerebellar development has not yet been carried out.
b Catenin knockout mice failed to mature to the stage at
which the proliferation of granule cell progenitors could be
measured.69 Similar conditional b catenin knockout mice
generated using a Wnt-1 Cre mouse failed to form a
cerebellum by E18, so the later stages of cerebellar develop-
ment could not be studied.70 Development did not progress
far enough in the conditional knockout mice to assess the
role of b catenin in granule progenitor cell proliferation.

Histopathological correlation with genetic changes
There are currently only a few known molecular genetic
alterations that are associated with the histopathological
classification of medulloblastoma.62 Two different genetic

features, MYCC amplification and isochromosome 17q, are
more often found in anaplastic and large cell medulloblas-
toma than in other forms of the disease. Desmoplastic
medulloblastomas exhibit a high occurrence (30–40%) of
mutations involving the hedgehog pathway genes such as
PTCH. At this time, there is not a strong correlation between
wnt–wingless signalling pathway mutations and the histo-
pathological grade of medulloblastoma.

Xenograft mouse model
Medulloblastoma xenograft models present many of the same
challenges that neuroblastoma xenograft models do. For
example, the tumour cell lines used for transplantation need
faithfully to recapitulate the genetic, morphological, and
clinical features of human medulloblastoma. In addition, we
need to discern whether different tumour cell lines represent
changes in different genetic signals such as hedgehog or
b catenin, and whether they represent different histopatholo-
gical variants including the classic form, the nodular form, the
desmoplastic form, and the large cell/anaplastic form.
Medulloblastoma cell lines do not engraft well in hetero-

trophic mouse xenograft models.71 Even when matrix
components such as matrigel are included with the inocula
to improve engraftment rates, the cells clearly do not
experience the same environment as the tumour in vivo.72

For example, there is no blood–brain barrier, and the
complex events that take place in a developing cerebellum
are quite different from those that occur in an adult
heterotrophic site (flank) in a SCID mouse. Although
orthotopic xenografts of medulloblastoma more faithfully
recapitulate the human disease, monitoring tumour growth
is more challenging when intracranial sites of injection are
chosen. Recent work using magnetic resonance imaging to
monitor mouse xenograft models of medulloblastoma has
largely circumvented these challenges and provided excep-
tional xenograft models of this disease.73 The only factor that
is not consistent with the human disease is the develop-
mental stage of the mice at the time of injection.
Current xenograft models rely on mature SCID mice rather

than those at a developmental stage that is analogous to the
developmental stage of tumour initiation in humans. As
discussed above, this is crucial, because the environment in
the developing cerebellum is very different from that in the
mature tissue. To improve current medulloblastoma models,
human cell lines could be injected at birth into the developing
cerebellum to mimic the human disease. An added advantage
of this approach is that wild-type mice rather than SCID mice
could be used, because newborn mice are immunonaive for
the first 24 to 48 hours after birth.

Knockout mouse model of medulloblastoma
Some of the most promising mouse models of medulloblas-
toma that have been generated come from knockoutmice carry-
ing targeted deletions of genes in the hedgehog pathway or
genes that lead to disruptions of hedgehog signalling in granule
cell progenitors.74 For example, Ptch heterozygous mice develop
medulloblastoma at a rate of approximately 8% up to 12 weeks
of age and up to 30% between 12 and 25 weeks of age,15 and p53
mutations enhance the frequency of medulloblastoma in Ptch
heterozygous mice.75 Although p53 mutations are rare in
human medulloblastoma, the inactivation of p53 may cause
genomic instability and subsequent genetic alterations that lead
to transformation. Consistent with this idea, deletion of p53 and
Rb in the developing brain,76 deletion of p53 and poly (ADP-
ribose) polymerase (Parp),77 or deletion of p53 and DNA ligase
IV (Lig4)78 also resulted in medulloblastoma. The common
feature of these seemingly disparate knockout mice is that all of
the mutations lead to genomic instability and Gli1 activation.66

Taken together, these studies suggest that genomic instability
that results from deletion of p53 and other genes in the
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developing cerebellum can lead to medulloblastoma by
disrupting the hedgehog pathway.
Although the mechanism of Gli1 activation may not be the

same in these mouse models as it is in human tumour cells,
the animal studies lend support to the importance of the
hedgehog pathway in medulloblastoma. Moreover, targeting
Gli1 for the treatment of medulloblastoma may be an
efficient means to treat this childhood tumour, even if the
initiating event (PTCH, p53, PARP, RB, or LIG4 mutation)
differs among individuals, as it does in the mouse.
The data on medulloblastoma are in sharp contrast to those

concerning MYCN amplification in neuroblastoma. Early
stage neuroblastomas that do not have MYCN amplification
do not acquire mutations in this gene later as a result of
genomic instability or other mechanisms. At least in the
mouse models, early medulloblastomas that do not have
hedgehog signalling disruptions can acquire such mutations
via genomic instability. It will be interesting to determine
whether similar conditional inactivation of components of
the b catenin pathway will also provide clues about
medulloblastoma formation and suggest targets for treat-
ment such as the TCF/LEF transcription factors.

‘‘Some of the most promising mouse models of medullo-
blastoma that have been generated come from knockout
mice carrying targeted deletions of genes in the hedgehog
pathway or genes that lead to disruptions of hedgehog
signalling in granule cell progenitors’’

One important factor that should be considered with regard
to the medulloblastoma mouse models is that even if the
genetic lesions are exactly the same as those in the human

tumours (for example, PTCH), every cell in the Ptch+/2 mouse
or at least in the tissue of interest in the conditional knockout
mouse carries the genetic mutation. This is dramatically
different from human cases of sporadic medulloblastoma,
which probably arise from individual granule cell progenitors
that have undergone genetic alterations. Thus, an ideal mouse
model would rely on gene inactivation in single granule cell
progenitors during development at a stage and location similar
to the time and place of gene inactivation during tumorigen-
esis in the cerebellum of children.

Targeted treatments
Findings from studies of mouse genetics and human
mutations suggest that hedgehog signalling in general and
Gli1 activity in particular are good targets for anticancer
treatments in medulloblastoma. As with the MYCN targeted
treatments in neuroblastoma, one can imagine a variety of
approaches for downregulating the Gli1 gene in medullo-
blastoma. First, Gli1 could be targeted by antisense RNA or
antisense oligonucleotides. Alternatively, small molecules
may be identified that bind to Gli1 and block its function.
As with MYCN treatment, the primary challenge of identify-
ing potential small molecules that block Gli1 protein function
in medulloblastoma cells is establishing organ and protein
target specificity. Hedgehog signalling is used in a variety of
tissues during development and adulthood; thus, broad
inactivation of this signalling pathway in non-affected tissues
could be detrimental to normal physiology. Nonetheless, a
thorough understanding of the hedgehog pathway was
instrumental in identifying Gli as a chemotherapeutic target.
If researchers had attempted to target the other genes

thought to be involved in medulloblastoma formation

Figure 8 Developmentally
appropriate orthotopic retinoblastoma
xenograft model. (A) Cultured
retinoblastoma cells labelled with a
green fluorescent protein (GFP)
transgene were injected into the
vitreous humour of newborn rats (1000
cells/eye). Two weeks later, the animals
were treated with a chemotherapeutic
drug, and three to six weeks later the
effects were analysed by scoring the
proportion of GFP positive cells in the
vitreous humour. (B) The transplanted
retinoblastoma cells are easily
distinguished from the normal retinal
cells by their green fluorescence. The
red fluorescence is a nuclear
counterstain.
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without knowing that Gli1 is the downstream target, the
results would probably have been disappointing. For exam-
ple, targeting p53, Parp, or Lig4 in a mouse model may help
to establish genomic stability and prevent tumour formation,
but if the effective target is not the mechanism of
tumorigenesis in humans, then it probably will not translate
to the clinic. Targeting Gli1 may translate with high efficacy
to the clinic, even if the upstream genetic events are
dissimilar in humans and mice, because in both humans
and mice, Gli1 activation is a crucial event in a subset of
medulloblastomas.

Medulloblastoma summary
Medulloblastoma is an excellent example of how basic
research on the developmental neurobiology of a mouse
model combined with studies of human tumours can identify
a common target, hedgehog pathway–Gli1, which may prove
useful for targeted anticancer treatments. The hedgehog
pathway is crucial for regulating proliferation of EGL
progenitor cells in the developing cerebellum, and the normal
regulation of hedgehog signalling is disrupted in medullo-
blastoma. Wnt–wingless signalling is also mutated in
medulloblastoma, and it is believed that wnt–wingless
signalling is an essential regulator of EGL progenitor cell
proliferation during development. These two pathways are
frequently mutated in medulloblastoma; thus, EGL progeni-
tor cells exhibit deregulated proliferation, which eventually
leads to malignant transformation.

RETINOBLASTOMA
Retinal development
Early during brain development, the optic cup forms as an
outcropping of the forebrain. The retinal progenitor cells that
make up the optic cup divide and give rise to the seven classes
of retinal neurones and glia over the course of development
in an evolutionarily conserved order. Importantly, the
different cell types are generated from multipotent retinal
progenitor cells, and it has been proposed that retinal
progenitor cells undergo unidirectional changes in compe-
tence during development.6 That is, at a given stage of
development, retinal progenitor cells are competent to give
rise only to a subset of the postmitotic cell types generated at
that developmental stage (fig 7). This model implies that
intrinsic changes occur in the retinal progenitor cells during
development. It has also been shown that extrinsic cues
regulate retinal progenitor cell development. Thus, the
balance between intrinsic and extrinsic signals ultimately
dictates the precise generation of the different cell types in
the retina.6 This general scheme (that is, the generation of
neural and glial cell types from multipotent progenitor cells
in a characteristic order) is common throughout the nervous
system. As with other regions of the developing nervous
system, not only are temporal changes occurring in retinal
progenitor cells during histogenesis, but also spatial hetero-
geneity is taking place.5

Clinical features
Retinoblastoma is a childhood tumour of the neural retina;
95% of cases are diagnosed before 5 years of age and usually
within the 1st year of life.79 Retinoblastoma comprises 11% of
all cancers in infants, making it the third most common
childhood cancer after neuroblastoma and leukaemia. In
children younger than 15 years, retinoblastoma accounts for
3% of all cancers. Each year, approximately 300 new cases of
retinoblastoma are diagnosed in the USA. Like medulloblas-
toma and neuroblastoma, retinoblastoma is believed to arise
from progenitor cells during development. There are several
lines of evidence for this. First, inactivation of the RB gene
(see below) is believed to occur during DNA replication,

which primarily occurs in dividing retinal progenitor cells
during development. Second, retinal tumours initiate during
fetal development, when retinal progenitor cells are actively
dividing.80 81 Moreover, this tumour never presents in
adolescents or adults, a finding that suggests that once the
retinal neurones and glia differentiate they are not suscep-
tible to malignant transformation. Third, molecular analysis
of primary retinal tumours revealed a wide variety of
differentiation markers, including glial and neuronal mar-
kers.79 Indeed, marker expression for every retinal cell type
has been reported in retinoblastoma. If a retinal progenitor
cell sustains a mutation in RB at a particular time during
development and initiates the process of becoming a tumour,
then some of the differentiation markers expressed in cells
normally made at that time during development would
probably be expressed in the tumour. Some tumours sustain
RB mutations early, and others sustain them much later
during development; therefore, it makes sense that different
tumours express different cohorts of differentiation markers.
Thus, rather than pointing to a differentiated cell of origin,
analysis of differentiation markers in retinoblastomas has
lent support to the idea that the cell of origin is a multipotent
retinal progenitor.
Metastatic retinoblastoma is one of the most deadly of

childhood tumours. If this disease metastasises beyond
the eye, the probability of survival is only 5–10%.82–84

However, if diagnosed early, enucleation can save 90–95%
of patients. Some children present with unilateral retino-
blastoma with a small number of tumour foci, whereas
others present with multifocal bilateral retinoblastoma.
These different forms reflect the molecular genetics of
retinoblastoma gene inactivation (see below).79 85 Paediatric
screening followed by enucleation is the current approach
to unilateral retinoblastoma. Current efforts for treatment
are focused on saving vision in patients with bilateral
retinoblastoma.86

Molecular genetics
As with the other childhood tumours of the nervous system,
there are sporadic and heritable forms of retinoblastoma.74

However, unlike neuroblastoma and medulloblastoma, in
which the heritable form is a relatively small proportion of
the total number of cases, approximately 40% of children
with retinoblastoma exhibit the heritable/bilateral form.84

Unilateral and bilateral retinoblastoma result from inactiva-
tion of the same gene, RB1.79 The difference in tumour
initiation is believed to reflect the inheritance of the first RB1
mutation. When children inherit a defective copy of RB1
from one parent, every cell in their body is heterozygous for
that lesion. All that is required for a retinal tumour to develop
is the inactivation of the second RB1 allele during DNA
replication in retinal progenitor cells. In sporadic retinoblas-
tomas, the child does not inherit a defective copy of RB1. For
a tumour to form in the retinae of these children, both copies
of RB1 must be inactivated in the same cell. The likelihood of
both RB1 alleles being inactivated by random mutation in a
single retinal progenitor cell is much lower than that of the
inactivation of a single RB1 allele in children who have
inherited one defective copy of RB1.

‘‘Efforts are under way to isolate new retinoblastoma cell
lines, which should more faithfully recapitulate the genetic
alterations that occur in human tumours’’

Most, if not all, retinoblastomas arise from the inactivation
of RB1; however, very little is known about the secondary
genetic lesions that follow RB1 inactivation. The p53 gene has
been studied the most extensively, but like neuroblastoma
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and medulloblastoma, retinoblastoma rarely involves muta-
tions at this locus.87

Histopathological correlation with genetic changes
Two histopathological features of retinoblastoma have been
described. Flexner-Wintersteiner and Homer-Wright rosettes
(fig 1B) have been proposed to reflect partially differentiated
retinoblastoma cells.88 89 Yet, in general, retinoblastoma cells
are small undifferentiated cells with high mitotic indices.
These cells form rings of viable cells surrounding the
vitreoretinal vasculature in the vitreous humour that has
been co-opted from the retinal surface. Depending on the
extent of vascularisation, there may be necrotic, calcified
debris in the vitreous humour from dead tumour cells that
were displaced from the vasculature as the tumour cells
divided. The other histopathological feature of retinoblas-
toma is vitreal seeds (fig 1B), which are small clusters of
tumour cells free floating in the vitreous.90 Vitreal seeds
present one of the major challenges of treating retinoblastoma,
because they can form new tumour foci after chemotherapy is
complete. For metastatic retinoblastoma, tumour cell invasion
usually occurs at the optic nerve. None of these histological
features has been correlated with molecular alterations
because of the paucity of molecular analysis of the genetic
events downstream of RB1 inactivation.

Xenograft mouse model of retinoblastoma
There are currently two widely used retinoblastoma cell lines
available from the ATCC, Y79 and Weri1. These cell lines have
been cultured for decades and have probably undergone
genetic changes since their original isolation. Thus, it will be
important to isolate new cell lines from patients and repeat
any xenograft experiments with the fresh isolates to verify
the data from Y79 and Weri1 cells. Until recently, the only
xenograft model of retinoblastoma involved injecting Y79 or
Weri1 cells into the eyes of adult immunocompromised mice.
The intraocular environment of the adult eye is dramatically
different to that of the developing eye; thus, we sought to
generate a xenograft model that more faithfully recapitulated
the human disease. To achieve this, we injected the Y79 or
Weri1 cells into the eyes of newborn rats (fig 8).
Immunosuppression was not required, because newborn rats
are immunonaive and do not reject the human cells.
Moreover, this developmental stage is more appropriate for
the timing during human development when the tumours
are likely to form. The xenografted tumour cells (1000 cells/
eye) filled the vitreous humour within two weeks and
exhibited many of the features of the human disease,
including vascular reorganisation, invasion at the optic nerve,
and calcification characteristic of cell death in regions of the
vitreous humour where the exchange of oxygen and

Figure 9 Clonal retinoblastoma in the
mouse retina after retroviral infection.
(A) To inactivate all of the Rb family
members in an individual retinal
progenitor cell in vivo, we injected a
retrovirus carrying the E1A oncogene
and an alkaline phosphatase reporter
gene into the eyes of newborn mice
carrying a targeted deletion of the p53
tumour suppressor gene. The infected
retinal progenitor cells gave rise to
tumours after three weeks. This model
will serve as a complement to the
xenograft model described in fig 8.
(B) To explore the developmental
susceptibility of retinal progenitor cells
to transformation, we used a novel
transuterine injection procedure to
target the retinae of embryonic day
(E) 15.5 mouse embryos for retroviral
infection. By comparing the incidence of
tumour formation after infection at
E15.5 with that after infection at
postnatal day (P) 0, we hope to
determine whether embryonic retinal
progenitor cells are more or less
susceptible to transformation.
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nutrients is limited. To follow their growth and invasion, we
labelled the engrafted cells with a green fluorescent protein
reporter gene (fig 8). We are currently using this xenograft
system to study several new chemotherapeutic treatments.
Although the treatments we are testing are not targeted ones
(see below), they may improve the rate of vision preservation
in patients with bilateral retinoblastoma. Efforts are under
way to isolate new retinoblastoma cell lines, which should
more faithfully recapitulate the genetic alterations that occur
in human tumours.

Clonal inactivation of the RB family
The orthotopic, developmentally appropriate xenograft model
described above is optimal for testing new chemotherapeutic
treatment protocols, because the site of injection, stage of
development, and histological features are remarkably
similar to those of the human disease. However, despite
these advantages, xenografts are somewhat artificial in that a
homogenous population of cells that is already transformed is
placed into a naive environment. In humans, developing
cancer cells interact with the surrounding tissue, resulting in
a heterogeneous population of cells and a tumour with
spatial heterogeneity. Ideally, a high throughput screen
involving a genetic model of retinoblastoma that faithfully
recapitulates the human disease would be a better system for
developing new treatment protocols.
RB1 was the first tumour suppressor gene cloned in

humans91 92 and the first tumour suppressor knocked out in
mice.93–95 It was expected that Rb heterozygous mice would
phenocopy humans and present with bilateral retinoblastoma.
Interestingly, Rb+/2 mice do not develop retinoblastoma. They
do, however, present with pituitary tumours, a finding that
indicates that Rb is a tumour suppressor in mice. Subsequent
studies revealed that the human RB1 gene rescues the
embryonic lethality of Rb deficient embryos; thus, the
difference between humans and mice is not a reflection of
the primary structure of Rb in these two species. To explain the
lack of intraocular malignancy in Rb+/2 mice, researchers
proposed that there may be redundancy between Rb and the
other Rb family members, p107 and p130, in the developing
retina. To date, this theory has not been directly verified, but
there are a few intriguing clues from genetic studies in mice.
Chimaeric mice made from Rb deficient cells do not develop
retinoblastoma; therefore, Rb inactivation alone is not
sufficient for tumour formation.96 Tumours form when Rb,
p107, and p53 are inactivated, but whether p107, p53, or both
genes must be inactivated for retinoblastoma to form in the
mouse retina remains unknown.97 In addition, whether these
effects are cell autonomous or not is also unknown. A variety
of non-cell autonomous effects have been reported for Rb in
the mouse, so it is possible that some of the contributions of
Rb, p107, or p53 are non-cell autonomous.
Several different transgenic mouse models have been

developed that express oncogenes such as the T antigen
from SV40 virus or E1A from adenovirus, but these
experiments have not substantially advanced our under-
standing of the genetics of retinoblastoma in the mouse.98–100

This is because oncogenes are promiscuous and can bind and
inactivate all of the Rb family members and other proteins
that regulate proliferation and apoptosis. In addition, these
mice do not advance our understanding of the cell
autonomous and non-cell autonomous contributions of the
different genes that may contribute to tumorigenesis in the
mouse, because the expression patterns of the various
transgenes are broad and poorly characterised.
Rather than use transgenic approaches, we used a series of

retroviral vectors to induce changes in single retinal progenitor
cells in vivo. We started with replication incompetent retro-
viruses that can infect dividing retinal progenitor cells only.

These vectors have an internal ribosome entry site and a
reporter gene, so we can identify the infected cells. Then, a
gene of interest is cloned into the viral vector, and a stock is
made. The stock is then injected into the eyes of newborn mice
or rats, and several weeks later, the clones of cells that
originated from individual infected retinal progenitor cells are
analysed. By diluting the virus, we can achieve a small number
of tumour foci (one to five foci) in each retina. The advantage
of this system is that tumours arise from individual retinal
progenitor cells rather than from a large cell population, and
we can begin to study the cell autonomy of these effects. When
combined with the xenograft model, these studies provide
both a complimentary model for drug testing and reagents to
begin to identify the downstream mutational events that lead
from Rb inactivation to tumour formation.
In the first series of experiments, we cloned E1A 13S cDNA

into our retroviral vectors. After infection of P0 retinal
progenitor cells in vivo, we observed clonal hyperplasia.
Interestingly, no tumours formed in these animals as much
as eight weeks after infection. As discussed above, there are
some data to suggest that for retinoblastoma to form in the
mouse, the p53 gene must be inactivated. To test this directly,
we injected the same E1A virus into the eyes of newborn
p53 deficient mice. Within three weeks, at an infection rate of
one to five clones/retina, retinoblastoma formed (fig 9). This
system has the distinct advantage over transgenic models of
retinoblastoma in that tumours arise from a single cell
rather than a large pool of progenitors of differentiated
neurones.
As mentioned earlier, retinal progenitors are temporally

and spatially heterogeneous. Therefore, it is possible that
some retinal progenitors may be more or less susceptible to
transformation. To address this question, we initially devel-
oped a procedure for injecting retroviruses into the eyes of
embryonic mice in utero. Previously, it was technically too
difficult to perform in utero viral injections, because few
animals survived after birth. Using this approach, we are
now testing the susceptibility of early retinal progenitor
cells to E1A mediated transformation in different genetic
backgrounds.
Although E1A is useful for inducing tumours from

individual retinal progenitor cells in the developing retina,
it is an oncogene that binds to all of the Rb family members,
in addition to other proteins such as p300. To dissect the
molecular pathway leading to retinal tumorigenesis in the
developing mouse retina more precisely, we have developed a
retrovirus based system that can inactivate specific genes in
individual retinal progenitor cells. Specifically, we have
generated and tested a conditional knockout retrovirus
encoding the Cre recombinase. By infecting retinal progenitor
cells in mice carrying the LoxP recombination site, we can
selectively inactivate genes in individual retinal progenitor
cells in vivo. Conditional knockout mice are now available for
both Rb and p53, and by crossing these mice with p107
knockout mice, we can attempt to discern precisely which of
these genes are important for the generation of retinal
tumours in mice in vivo. Moreover, because 10 000 to
100 000 uninfected cells surround the individual clones of
cells infected with the retroviruses, it is reasonable to assume
that any changes in proliferation or tumorigenesis are cell
autonomous.

Targeted treatments
There are currently no targeted treatments for retinoblas-
toma, because very little is known about the downstream
genetic events that lead to malignant transformation in
retinal progenitor cells. We hope that by using the mouse
genetic system combined with molecular analyses of primary
and cultured human retinal tumours, we will be able to
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identify potential candidates for targeted anticancer treat-
ment in retinoblastoma.

Retinoblastoma summary
Despite the early discoveries involving the initiating mole-
cular genetic changes that lead to retinoblastoma, we know
very little about the subsequent genetic or epigenetic changes
that occur in these tumour cells as they progress from
preneoplastic lesion to metastatic cancer. This is the result, in
part, of the lack of a mouse model that faithfully recapitu-
lates the human disease. Transgenic mice ectopically express-
ing oncogenes in the retina have been of limited use for the
study of retinoblastoma, because the transgene is expressed
in a large number of cells, leading to massive hyperprolifera-
tion rather than focal transformation. The recently developed
retroviral system that we have used to induce retinoblastoma
results in the focal formation of tumours that are much more
similar to human retinoblastoma. The limitation of the
current retroviral system is that it relies on the E1A oncogene
to inactivate the Rb family. A more elegant approach would
rely on the inactivation of individual Rb family members in
individual retinal progenitor cells by using a retrovirus
encoding Cre recombinase and RbLox mice. This system is
currently being tested.

‘‘To dissect the molecular pathway leading to retinal
tumorigenesis in the developing mouse retina more
precisely, we have developed a retrovirus based system
that can inactivate specific genes in individual retinal
progenitor cells’’

Recent advances in rodent xenograft models have led to a
developmentally appropriate orthotopic xenograft model of
retinoblastoma. We are currently using this system to study
new chemotherapeutic approaches for the treatment of
bilateral retinoblastoma at St Jude Children’s Research
Hospital. However, these xenografts rely on retinoblastoma
cell lines that were isolated decades ago, and efforts are
under way to generate new tumour cell lines that have
experienced limited time in culture and fewer opportunities
for genetic alterations.

DISCUSSION
Childhood medulloblastomas (350 cases each year), retino-
blastomas (300 cases each year), and neuroblastomas (700
cases each year) comprise a large portion of all childhood
malignancies diagnosed in the USA each year. In infants, the
combination of these three malignancies makes up 47% of all
tumours, yet they are rare compared with the annual number
of new cases of adult tumours. Not only are these childhood
malignancies rare, but they are also difficult to study because
of the complexity of the environment in which they form.
Because the number of new paediatric patients with tumours
of the nervous system is so small each year, corporate
investment in targeted drug treatments for these diseases is
limited. However, some of the genes and pathways involved
in tumorigenesis of the developing nervous system are
mutated in more prevalent adult cancers, and children with
these developmental tumours can benefit from drugs
targeted for the adult forms of cancer.
Model systems developed in mice play an important role in

research focused on improving our understanding and
treatment of childhood tumours of the nervous system. First,
studies on mice have provided us with the knowledge of the
development of the neural crest, cerebellum, and retina that is
essential for understanding neuroblastoma, medulloblastoma,
and retinoblastoma, respectively. For example, the discovery
that trunk neural crest cells give rise to the adrenal medulla
and paraspinal sympathetic ganglia where neuroblastomas

originate has provided some valuable clues about the potential
of different neural crest progenitor cell populations to undergo
transformation. Second, genetically engineered mice are an
ideal experimental system in which to begin testing the
contribution of different genes to tumorigenesis in these
tissues. The detection of medulloblastoma in Ptch1 deficient
mice helped to confirm the involvement of hedgehog signal-
ling in some forms of this cancer. Third, using xenograft
models or transgenic/knockout strategies, several valuable
mouse models have been characterised for testing new
treatment for these devastating childhood tumours of the
nervous system. A new xenograft model of retinoblastoma
that is developmentally appropriate is being used to improve
treatment of this cancer. In addition, in vivo retroviral infec-
tion of murine retinal progenitor cells has led to the develop-
ment of a mouse model of retinoblastoma in which tumours
arise from a small number of infected retinal progenitor cells,
thereby faithfully recapitulating the human disease.
Despite these recent advances in the use of mouse models

to study and treat childhood tumours of the nervous system,
such models must be complemented by research on human
tumours. In particular, retrospective studies using tissue
arrays to study protein expression, RNA expression, and
genetic amplifications/deletions can be complemented with
microarray analysis of primary tumours and characterisation
of freshly isolated cell lines derived from tumours. By
bringing together results from model systems with those
from traditional molecular analyses of pathological speci-
mens, researchers and clinicians will be able to apply targeted
anticancer treatments with greater efficacy.
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Clinical Evidence is a regularly updated evidence based journal available worldwide both as
a paper version and on the internet. Clinical Evidence needs to recruit a number of new
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N Updating the text every eight months to incorporate new evidence.

N Expanding the topic to include new questions once every 12–18 months.
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Call for peer reviewers

Clinical Evidence also needs to recruit a number of new peer reviewers specifically with an
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reviewers are health care professionals or epidemiologists with experience in evidence based
medicine. As a peer reviewer you would be asked for your views on the clinical relevance,
validity, and accessibility of specific topics within the journal, and their usefulness to the
intended audience (international generalists and health care professionals, possibly with
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ask you to review between 2–5 topics per year. The peer review process takes place
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If you are interested in becoming a peer reviewer for Clinical Evidence, please
complete the peer review questionnaire at www.clinicalevidence.com or contact Claire
Folkes(cfolkes@bmjgroup.com).
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CORRESPONDENCE

If you have a burning desire to respond
to a paper published in the Journal of
Clinical Pathology, why not make use of
our ‘‘rapid response’’ option?

Log on to our website (www.jclinpath.
com), find the paper that interests you,
and send your response via email by
clicking on the ‘‘eLetters’’ option in the
box at the top right hand corner.

Providing it isn’t libellous or obscene, it
will be posted within seven days. You
can retrieve it by clicking on ‘‘read
eletters’’ on our homepage.

The editors will decide as before
whether to also publish it in a future
paper issue.

Secretory carcinoma of the male
breast
Breast carcinomas in men account for , 1%
of all subtypes and most belong to the
infiltrating duct variety of the ‘‘not otherwise
specified’’ type.1 To date, only 15 cases of the
rare subtype of secretory carcinoma have
been reported in men.2 The youngest patient
was a 6 year old boy3 and oldest a 66 year old
man.4 We present a case of secretory carci-
noma in a 19 year old man whose tumour
cells were vimentin positive and oestrogen
and progesterone receptor negative.
The patient presented to a private clinic in

rural Northern India with a painful, rapidly
progressing lump in the right breast of two

years duration. A lumpectomy was performed
at a local hospital. Three months after
surgery, two small lumps reappeared on the
right chest wall, which were excised and
sent to our hospital for histopathology.
Two nodules measuring 46 26 2 cm and
26 26 2 cm were received. Cut sections
were greyish yellow and densely fibrous.
Microsections showed an infiltrating

tumour with tumour cells arranged in micro-
cystic and cribriform patterns separated by
scant fibroconnective stroma (fig 1). The
tumour cells were round to polygonal with
abundant pale to clear amphophilic cyto-
plasm. The nuclei were large and central with
stippled chromatin (fig 2). Pink amphophilic
secretions were seen in the lumina of micro-
cysts (fig 2) and focally within the cells. The
intracellular and extracellular secretions were
periodic acid Schiff (diastase resistant) and
mucicarmine positive. Immunohistochemistry
for the oestrogen receptor (ER ID5;
Immunotech, Marseille, France), progester-
one receptor (PR 105; Immunotech), and
vimentin (Dako, Glostrup, Denmark) was
performed. The tumour cells were univer-
sally oestrogen receptor and progesterone
receptor negative, but were vimentin posi-
tive (100% positivity).
Mc Diwitt and Stewart first described

breast tumours in children with a favourable
prognosis (1966) and named them juvenile
carcinomas.5 This was later replaced by the
term secretory carcinoma by Tavassoli.5 De
Bree et al have recently reviewed secretory
carcinoma in men and reported a median age
of 17 years, with the tumour size ranging
from 1.2 to 4 cm.2 They also noticed that
lymph node metastases were frequent in
tumours less than 2 cm, unlike secretory
carcinomas in women. Hence, secretory
carcinomas in men appear to be more
aggressive.2 The tumour in our patient was
also an aggressive one because an early
recurrence was seen.
Very few authors have performed immuno-

histochemical studies on secretory carcino-
mas of male breasts.3 These tumours are said
to be epithelial membrane antigen, cytoker-
atin, carcinoembryonic antigen (polyclonal),
S-100, and a lactalbumin positive.
Although traditionally vimentin expression

has been associated with mesenchyme and
mesenchymal tumours, many epithelial

malignancies are vimentin positive, including
those of the breast.6 Vimentin expression has
been studied extensively in female breast
tumours (predominantly in infiltrating ductal
carcinomas) and is associated with biological
aggressiveness.6 The role of vimentin positiv-
ity in male breast carcinomas needs to be
explored. It is unclear whether vimentin posi-
tivity in our case is related to the aggressive-
ness of the tumour and larger studies are
needed to investigate this possibility.

S R Niveditha, P Bajaj, A Nangia
Department of Pathology, Lady Hardinge Medical

College, Smt. Sucheta Kriplani and Kalawati Saran
Hospitals, New Delhi 110 001, India;

srniveditha@hotmail.com
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Gastric intestinal metaplasia
We read with interest the article by Dinis-
Ribeiro et al concerning a follow up model for
patients with atrophic gastritis and intestinal
metaplasia (IM).1 The model proposed is
based on ‘‘a minimum of two endoscopic
biopsies’’, although 40% of patients had at
least three biopsies, and more than 15% of
patients had more than four biopsies per-
formed. Within that setting, the authors
investigated the significance of type I, II,
and III IM, and concluded that those with
type I IM should have a less intensive follow
up protocol, whereas in those with type III
IM, ‘‘a hunt for high grade neoplasia should
be performed’’.
In previous publications, several authors

have reported that IM may be detected in
biopsies taken exclusively from endoscopi-
cally abnormal areas,2 whereas others recom-
mended that gastric biopsies should be
harvested from pre-established mucosal
sites.3 In this respect, the Sydney system3

for grading of gastritis has provided practical
guidelines for optimal biopsy sampling of
the gastric mucosa. Notwithstanding, using
the Sydney system’s recommendations, El-
Zimaity and Graham4 found that IM was
missed in more than 50% of the biopsies from
‘‘Sydney’’ sites in patients with confirmed
gastric IM on multiple site sampling. These
authors concluded that the minimum

Figure 1 Low power view of tumour cells
arranged in a microcystic pattern.

Figure 2 High power view of polygonal
tumour cells with abundant pale to clear
cytoplasm and focal intraluminal secretions.
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number of biopsies needed to identify IM
should probably be eight,4 and emphasised
that current and future studies that use the
Sydney system as a basis for detecting gastric
IM are not likely to be reliable. Thus, it
appears that sampling gastric biopsies from
pre-established mucosal sites,2 or from
endoscopically abnormal areas3 may be
both insufficient to calculate IM preva-
lence figures, and inadequate to estimate
the possible risk of gastric IM in long follow
up studies.4

By assessing IM at low power (64)
examination, we found in histological sec-
tions from gastrectomy specimens that IM
could be either spotty or extended (encom-
passing one or more entire low power
microscopic field/section).5 When extended
IM was present in > 5 histological sections,
IM was considered to be widespread. Thus,
IM may be spotty, or extended and widely
distributed. Against that background, the
proposal of Dinis-Ribeiro et al of obtaining
two or three biopsies (in most of their series)
as representative for the state of the gastric
mucosa appears highly unsatisfactory. More-
over, several authors have been unable to
corroborate the prognostic significance of
incomplete IM type III.6 7 Kato et al found
that incomplete IM usually occurs in the
antrum, whereas complete IM is usually seen
in the fundus.7

The article by Dinis-Ribeiro et al points out
that two pathologists reviewed all the slides,
and that ‘‘agreement was achieved in 85% of
the cases. In case of disagreement, a con-
sensus was obtained…’’. Because no mention
is made regarding double blind examination
with coated slides, we assume that the
authors did not carry out that procedure.
The possibility of intraobserver and of inter-
observer variations was not explored.
According to Dinis-Ribeiro ‘‘…endoscopic

examination throughout the entire gastric
cavity may still fail to diagnosis dysplasia and
cancer’’. The authors forgot to include areas
with IM, particularly when chromography
of the gastric mucosa is not performed.
That procedure was not mentioned in the
list of ‘‘methods’’ used in their follow up
studies.

C A Rubio, R Befrits
Department of Pathology and Gastroenterology,

Karolinska Institute and Hospital, 17176 Stockholm,
Sweden; Carlos.Rubio@onkpat.ki.se
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BOOK REVIEWS

Atlas of Diagnostic Cytopathology:
Second Edition

Edited by B F Atkinson. Published by Saunders,
2003, £156.00, pp 856. ISBN 0 71216 00638

Those who are interested in cytology, at all
levels of experience, are notoriously fond of
atlases. The neophyte nourishes a belief that
a set of images and (relatively) brief text will
quickly lead to competence, whereas the
expert hopes that there will be help with a
difficult diagnostic problem, or the aesthetic
enjoyment of images more beautiful than any
in their experience. The ‘‘Atlas of Diagnostic
Cytopathology’’ (second edition) edited by
Barbara F Atkinson alludes to these disparate
audiences in the preface, stating that the
work is for ‘‘cytopathology residents, fellows,
cytotechnology students, and ….experienced
cytopathologists’’. The first two categories are
likely to judge a book by its brevity and
clarity, and the last by comparison with their
favourites of the genre, such as the works of
Orell, DeMay, or Lopes Cardozo.
By anyone’s criteria Atkinson’s atlas is a

worthwhile addition to the diagnostic

cytology armamentarium. In many respects
it is excellent, although a slight unevenness,
perhaps inevitable in any multiple author
work must be acknowledged. Its text,
authored by an impressive array of experts
in the field, although laudably concise, is
comprehensive in its breadth. It effectively
covers basic information, such as the diag-
nostic approach to a smear, in addition to the
most recent ancillary techniques, such as
fluorescent in situ hybridisation and laser
scanning cytometry. It is timely and useful,
but unfortunate, that the breadth of coverage
also extends to a discussion of medicolegal
liability in the practice of cytology.
The images, central to the purpose of this

work, are almost universally of high quality,
both in terms of their initial acquisition and
reproduction. The source of the images, the
collections of the many authors, inevitably
leads to some inconsistencies. I found the
occasional image dark, light, ‘‘milky’’, or
poorly focused, and rarely found an example
of a picture that did not really illustrate, in
my opinion, any characteristic feature of the
entity it purported to represent. But for the
aficionado there is plenty of lagniappe here,
from beautiful images of humble observa-
tions (such as Spinnbarkeit in a cervical
smear) to rare fine needle aspiration samples
of follicular dendritic cell sarcoma and other
unusual neoplasms.
This work, despite its imperfections, does

span the utility gap between the beginner
and the expert and will be useful in both
large academic and small departments.

W R Geddie

Diagnostic Musculoskeletal Surgical
Pathology

Edited by S E Kilpatrick, J B Renner. London:
Published by Elsevier, 2003, £119.00 (hard-
back), pp 393. ISBN 0-7216-9163-3

This is a superb book combining radiological
and pathological features and including
colour illustrations of both bone and soft
tissue tumours.
Entities are discussed in a clear, cogent

manner. Numerous helpful tables liberally
supplement the text and serve as an aide de
memoir.
All illustrations are of high quality and

show the reader the essential diagnostic
features. The additional feature of this book
is the associated fine needle aspiration find-
ings. Although not a practicising cytopathol-
ogist, I must say that I found these to be
aesthetically pleasing but would have diffi-
culty diagnosing a myxofibrosarcoma on fine
needle aspiration! Be that as it may, I am sure
that aficionados of cytopathology would no
doubt find the illustrations diagnostic.
All in all, there isa little, if any, fault with

this book. I thoroughly recommend it as a
bench book for those encountering soft tissue
and bone tumours. The radiological pictures
are also excellent and give the reader a
handle on what to expect with the various
tumours. This book compares very favourably
with its larger and better known competitors.
As a starting point for the diagnosis of bone
and/or soft tissue tumours, I think that this is
an excellent book.

R Chetty
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Handbook on Proteomic Methods

Edited by P M Conn. New Jersey: Humana
Press, 2003, $135.00 (hardback), pp 610.
ISBN 1 58829 3408

This book is a 510 page, hard cover issue
covering proteomic methods and their appli-
cations in molecular biology, a subject that is
of interest to many molecular scientists. It
consists of four major sections, which include
both colour and black and white illustrations.
The first major section deals with the general
techniques of proteomics and specific aspects
of the technology. The second section con-
centrates on post-translational modifications,
variants, and isoforms. Here, the character-
isation of protein isoforms is discussed at
length.
The book is written by a group of well

recognised scientists who describe a wide
range of state of the art techniques used for
the identification of and analysis of a variety
of proteins that are expressed in the cell.
The techniques described vary from very

general to highly specific ones that are used
for data analysis and the investigation of
post-translational modifications. In addition,
several methods describing how the applica-
tion of proteomics can be used to identify
new drugs and markers for cancer are also
discussed. The methods for each protocol are
described in great detail, together with poten-
tial trouble shooting approaches, which may
be necessary when encountering problems.
This book is a well written, fully referenced

text on proteomic methods, which provides
an excellent guide to any scientist working in
the field. In addition, the book also demon-
strates how proteomic methods might pro-
vide a clearer insight into complex biological
systems ranging from plants to humans in
the amelioration of disease. Furthermore, this
technology could provide a means for better
and more effective drug development.
The editor has produced a remarkable

book, which is ideal for any scientist working
in the proteomics field.

R Naidoo

Quinolone Antimicrobial Agents. 3rd
Ed.

Edited by D C Hooper, E Rubinstein.
Washington: ASM Press, 2003, $125.95,
pp 485. ISBN 1-55581-231-7

In 1984, as a wet behind the ears house
officer, I remember waiting with great
anticipation for the new wonder drug cipro-
floxacin to arrive by motorcycle courier so
that it could be used for a patient with
refractory febrile neutropenia. Nowadays,
quinolones such as ciprofloxacin have
become so widely used that it may be difficult
for younger bacteriologists to imagine BBQ
(bacteriology before quinolones)! The impor-
tant place that these compounds have
assumed in the antimicrobial pharmacopoeia
is reflected by the fact that this is the third
edition of this text in 10 years.
The book is divided into four sections,

covering mechanisms and spectrum of anti-
bacterial activity and resistance; pharmacol-
ogy; clinical applications; and adverse and
other effects. For a USA produced book, it is
refreshing to see a truly international line up
of contributors. Inevitably, for a work that is
so broad in its outlook, it is unlikely that
every chapter, particularly in the first two
sections, will be consulted with equal fre-
quency— for example, the chapter on struc-
ture–activity relations of the quinolones is
unlikely to whip the jobbing clinical bacter-
iologist into an uncontrolled state of frenzied
excitement. However, this is not to say that
all of the non-clinical chapters will go unread
by those with a more clinical orientation—
the chapters on mechanisms of action and
resistance make interesting reading. The
clinical applications section accounts for 16
of the book’s 30 chapters and includes
chapters on the use of quinolones in the
management of intra-abdominal infections
and infections caused by intracellular patho-
gens, and the use of these drugs in intensive
care unit infections and, perhaps of most
interest, paediatrics; none of these areas
appeared in the second edition of the book.
Quinolone resistance is revisited again in
this section, but there is little overlap with
earlier chapters. Donald Low’s excellent
chapter on the clinical relevance of quinolone
resistance is one of the highlights of the
book, and the chapter on the impact of
veterinary use of these drugs on resistance
in bacterial isolates from human infection
makes sobering reading, and emphasises the
fact that there is still much to be done in
limiting the use of these drugs in the
agricultural sector.
The infamous list of quinolones withdrawn

before or after reaching the market place
because of serious toxicity must be the cause
of many a sleepless night for some of those

employed by the pharmaceutical industry,
and the final section of the book considers
these toxicities in detail.
Several chapters throughout the book stray

a little from their remit—for example, the
one which deals with QT prolongation by
quinolones includes a rather too detailed
discussion of electrophysiology, and the
chapter on the treatment of intracellular
infection focuses much of its attention on
the use of other drugs, such as tetracyclines
and macrolides, in this setting. I would also
have liked to have seen more discussion con-
cerning the accumulating evidence linking
quinolones with the emergence of methicillin
resistant Staphyloccus aureus. Nevertheless,
these are relatively minor criticisms, and the
book would make a valuable addition to the
departmental library of any clinical micro-
biology laboratory.

K G Kerr

CORRECTIONS

Mouse models of childhood cancer of the
nervous system. M A Dyer. J Clin Pathol
2004;57:561–76. The author apologises for
the ambiguous sentence on page 573. The
sentence: ‘‘Tumours form when Rb, p107,
and p53 are inactivated, but whether p107,
p53, or both genes must be inactivated for
retinoblastoma to form in the mouse retina is
unknown.’’ should have read: ‘‘Tumours
form when Rb, p107, and p53 are inactivated,
or when Rb and p107 are inactivated.
However, it is not known whether p107,
p53, or both genes must be inactivated for
metastatic retinoblastoma to form in the
mouse retina because all possible genetic
combinations were not characterised.’’

The practical application of reflectance
spectrophotometry for the demonstra-
tion of haemoglobin and its degradation
in bruises. V K Hughes, P S Ellis, T Burt, et al.
J Clin Pathol 2004;57:355–9. Reference 27 is
incorrect. It should have been: Edwards EA,
Duntley SQ. The pigments and color of living
skin. Am J Anat 1939;65:1–33. The author
apologises for any inconvenience this may
have caused.
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