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Identification of common mechanisms underlying organ development and primary tumor formation should
yield new insights into tumor biology and facilitate the generation of relevant cancer models. We have
developed a novel method to project the gene expression profiles of medulloblastomas (MBs)—human
cerebellar tumors—onto a mouse cerebellar development sequence: postnatal days 1–60 (P1–P60).
Genomically, human medulloblastomas were closest to mouse P1–P10 cerebella, and normal human cerebella
were closest to mouse P30–P60 cerebella. Furthermore, metastatic MBs were highly associated with mouse P5
cerebella, suggesting that a clinically distinct subset of tumors is identifiable by molecular similarity to a
precise developmental stage. Genewise, down- and up-regulated MB genes segregate to late and early stages of
development, respectively. Comparable results for human lung cancer vis-a-vis the developing mouse lung
suggest the generalizability of this multiscalar developmental perspective on tumor biology. Our findings
indicate both a recapitulation of tissue-specific developmental programs in diverse solid tumors and the utility
of tumor characterization on the developmental time axis for identifying novel aspects of clinical and
biological behavior.

[Keywords: cerebellar development; medulloblastoma; comparative genomics; multiscale models; metastasis;
principle component analysis]

Supplemental material is available at http://www.genesdev.org.

Received December 30, 2003; revised version accepted February 25, 2004.

In the 19th century, Lobstein and Cohnheim were
among the first to theorize similarities between human
embryogenesis and the biology of cancer cells (Rather
1978). The brain tumor classification system of Bailey
and Cushing (1926), from which modern taxonomies de-
rive, emphasizes the histologic resemblance to cells of
the developing central nervous system (CNS; Bailey and
Cushing 1926). Nevertheless, the putative relationship
between underlying mechanisms in normal develop-
ment and tumorigenesis remains controversial for most
types of cancer, particularly the solid tumors such as
medulloblastomas (MBs) and carcinomas.

Here, we focused on the relationship between genes
regulated during oncogenesis in the human cerebellar
tumor, MB, and the developing wild-type mouse cerebel-
lum during postnatal days 1–60 (P1–P60). The cerebel-
lum is the brain structure largely responsible for coordi-
nating motor activities. Granule neurons, the most
abundant cell type in the cerebellum during develop-
ment, are derived from precursors of the embryonic
hindbrain (Hallonet et al. 1990). In mice, the major phase
of granule cell proliferation commences at birth and
peaks by P8–P10 (Altman and Bayer 1987). Differentia-
tion is complete by P60 in mice, and at ∼18 mo of age in
humans. Granule neuron progenitors are thought to be
the predominant dysregulated cell type from which the
majority of MB cases arise (Kadin et al. 1970; Reddy and
Packer 1999). MBs are the most common pediatric CNS
malignancy and comprise two primary histological sub-
types: desmoplastic medulloblastoma (dMB) and classic
medulloblastoma (cMB). dMBs are distinguished by the
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presence of nodules with localized neuronal differentia-
tion within an otherwise densely cellular sea of undif-
ferentiated malignant cells (Kleihues and Cavenee 2000).
cMBs are histologically characterized by the abundance
of undifferentiated “small blue” malignant cells.

Gene expression profiling studies of human MBs have
been performed (MacDonald et al. 2001; Pomeroy et al.
2002; Chopra et al. 2003; Hernan et al. 2003; Packer
2003). Pomeroy et al. (2002) found genes distinguishing
human dMB from cMB, suggesting that human MBs de-
rive from cerebellar granule cells through the activation
of the sonic hedgehog (SHH) pathway. The latter studies
focused on metastatic human MBs and the roles of me-
tastasis-related genes such as PDGFR�, PDGFR�, and
ERBB2 (Chopra et al. 2003; Hernan et al. 2003; Packer
2003). Lee et al. (2003) have analyzed the expression pro-
file of different mouse models of MB with a p53−/− mu-
tant background. To date, a comprehensive multifacto-
rial and multiscalar comparison of gene regulation be-
tween animal models of development and human
tumorigenesis has not been performed, in part because
methods for cross-species expression analyses have not
been established. Existing cross-species comparative ge-
nomic studies have primarily focused on the use of DNA
or protein sequence-based features to identify molecular
regulatory elements, establish phylogenetic relation-
ships, and annotate genes/proteins (Rubin et al. 2000;
Hoopengardner et al. 2003; Mineta et al. 2003; Modrek
and Lee 2003).

Here, we investigated human MBs against the back-
drop of mouse cerebellar development on multiple
scales. At a gene-by-gene or microscopic level, we find a
significant and cell-type-specific segregation of down-
and up-regulated genes in human MB to the late and
early stages of mouse cerebellar development, respec-
tively. At the genomic or macroscopic level, we applied
a novel approach of projecting multivariate molecular
features of human MBs onto the homologous genomic
space of mouse cerebellar development to find a close
association of human MBs with mouse cerebella stages
P1–P10; and of normal human cerebella with mouse cer-
ebella P30–P60. With respect to the mouse development
trajectory, dMBs were molecularly more homogeneous
than cMBs. Moreover, metastatic human MBs were, on
the macroscopic scale, closest to mouse cerebella stage
P5, suggesting that a clinically distinct subset of tumors
is identifiable by their similarity to a precise mouse cer-
ebellar developmental stage. Comparable results were
obtained using this approach in a non-CNS environ-
ment: human squamous cell carcinoma (SCL) and nor-
mal lung on a developing mouse lung background. From
a technical viewpoint, this projection method enables
the multivariate analysis of human tissue against a non-
human system background across different measure-
ment platforms. Our results indicate that global expres-
sion characteristics of individual tumors with respect to
a cognate developmental timeline provide a novel crite-
rion for general segregation of tumors into meaningful

Figure 1. The mouse cerebellum devel-
opmental expression profile at P1–P60 of
2552 genes represented in their first two
temporal principal components (PC1–2).
(A) Expression profile of 2552 genes in the
developing mouse cerebellum represented
as dots in cerebellar temporal PC1
(53.72% temporal variance) and PC2
(16.30% temporal variance). Magenta dots
indicate Cerebellar Early Mouse Partition
(CEMP) genes. Green dots mark Cerebellar
Late Mouse Partition (CLMP) genes. Dark-
magenta and green circles indicate the 8
early-development and 11 late-develop-
ment expressed genes, respectively, whose
temporal expression profile was verified in
situ (Table 1; Fig. 2). The units for PC1–2
are normalized (mean zero, variance one
across samples/stages) Affymetrix signal
intensity. (B) Representative expression
profiles of genes at different sectors of the
temporal PC1–2 representation (number-
matched to A). Note that genes in the
CLMP hemisphere (e.g., 1–3, 8) show a pat-
tern of increasing expression levels over
time. In contrast, CEMP hemisphere genes
(e.g., 4–7) are expressed at high levels early on (corresponding to the peak phase of granule cell precursor proliferation) and fall off
sharply at approximately P10. (C,D) Two histograms breaking down the 1861 CEMP and 691 CLMP genes into their day of maximal
expression during mouse cerebellar development. There is an obvious correspondence between the large number of genes expressed
at P3–P5 (C) and the density found at 9 o’clock of the principal component analysis representation in A and P60 associated genes (D)
with the density at the 4-o’clock position. This temporal PC “egg-plot” (A) appears to be a useful way to display the distribution of
all 2552 temporal gene expression profiles.
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biological and clinical subgroups. Moreover, these find-
ings provide in silico evidence for the conserved, organ-
specific mechanisms underlying organ development and
tumorigenesis.

Results

Segregation of gene expression during mouse postnatal
cerebellar development: Cerebellar Early and Late
Mouse Partitions

Our development model is whole wild-type mouse cer-
ebellum total RNA profiled at 10 postnatal days—P1, P3,
P5, P7, P10, P15, P21, P30, P50, and P60—using Af-
fymetrix Mu11K arrays, as previously described (Zhao et
al. 2002). Of the 13,179 genes/ESTs present, 2552 ho-
mologous genes (Zhang et al. 2000) exist between the
mouse Mu11K and human (Affymetrix HuFL) array plat-
forms that were previously used to assay clinical
samples of human MB (Pomeroy et al. 2002). To identify
the predominant mouse cerebellar development profile
clusters among these 2552 genes, we performed a prin-
cipal component analysis (PCA) of the temporal axis of
these mouse genes.

PCA is a technique commonly used to simplify large
datasets. It is a transformation that reduces the dimen-
sionality (i.e., the number of variables) in the dataset
while retaining those characteristics that contribute
most to its internal variance structure. PCA is particu-
larly useful in the domain of microarray expression data,
in which a lot of intracorrelations exist between a large
number of variables. For example, in this experiment,
expression measurements at 10 time points/variables per
gene is transformed into an equivalent set of uncorre-
lated variables called principal components (PCs; Duda
et al. 2001; Misra et al. 2002). PCs are ranked in decreas-
ing order of how they account for the total variability in
the data. Therefore, instead of using all 10 time points to
characterize each gene, we may use a smaller number of
variables, namely, the first few PCs, while retaining
most of the intrinsic information in the original data.

Figure 1A shows the first two temporal PC represen-
tations (capturing 70.07% of total temporal variation) for
each gene—each dot signifies a gene listed in Supple-
mentary Table 1. A general pattern revealed by this rep-
resentation is that genes in the left hemisphere (Fig. 1A,
magenta dots), that is, genes with a negative first PC
(PC1 < 0), typically have a higher expression level be-
tween P1 and P10 and a decreased expression level dur-
ing P15–P60, whereas genes in the right hemisphere (Fig.
1A, green dots), that is, mouse cerebellum temporal
(PC1 > 0), generally have a higher expression level be-
tween P15 and P60 and lower expression during P1–P10.
That is, representing the genes by their first two tempo-
ral PCs provides a succinct characterization of their ex-
pression profile during P1–P60 (Fig. 1A,B). We call the
genes with nonpositive PC1 (left hemisphere) the Cer-
ebellar Early Mouse Partition (CEMP), and the set of
genes with positive PC1 (right hemisphere) the Cerebel-
lar Late Mouse Partition (CLMP). The 2552 genes were

further subclassified according to the days during cer-
ebellar development that they are maximally expressed
(Fig. 1C,D), justifying the early–late nomenclature.

Overall, we observed that during mouse cerebellar de-
velopment, 72.9% (1861) of the total genes are CEMP
and 27.1% (691) are CLMP. As indicated by the increased
density of dots (genes) at the 9- and 4-o’clock peripheries
of Figure 1A, the majority of genes fall into two broadly
defined patterns: genes whose expressions are high/
maximal during early cerebellar development and mono-
tonically decrease with time, or genes whose expression
is absent or weak during early cerebellar development
and monotonically increases to maximal levels at later
stages. Indeed, only 12.5% of total genes (i.e., visually,
dots situated within a circle of radius 3 centered about
zero in Fig. 1A) have fluctuating expression profiles out-
side of these two predominant patterns.

Validation of markers identified by temporal PCA
of microarray cerebellar development data

To validate the preceding temporal PCA classification of
array-derived profiles with actual gene expression during
mouse cerebellar development, we confirmed the expres-
sion of 19 time- and cell-type-specific markers by in situ
hybridization (Fig. 2; Table 1). Expression of eight
marker genes whose array profiles were classified as
CEMP (Ccnd1, Ccnb1, Cdc20, Cks2, Ezh2, Nmyc1,
Hmgb2, and Mcmd6; Fig. 1A, magenta circles) was found
to localize to the immature proliferative external granu-
lar layer in situ at P7 with decreasing or absent expres-

Figure 2. Stage- and cell-type-specific gene expression in the
developing mouse cerebellum as assessed by in situ hybridiza-
tion. Representative results using several markers (Table 1)
with distinct expression patterns are shown. (A,B) Expression of
Hmgb2 is present at P7 but not at later stages and is restricted
to granule neuron precursors of the external granular layer
(EGL). (C,D) Gas7 expression is detected in both early Purkinje
cells and weakly in the IGL, whereas at later stages it is strongly
expressed in mature granule neurons of the IGL. (E,F) Expres-
sion of Zfp216 is restricted to the IGL and increases over time.
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sion at P15–P22 during mouse cerebellar development.
Conversely, by in situ hybridization, 11 CLMP (late)
marker genes (Neurod1, Neurod2, Etv1, Thra, Zfp216,
Btg1, Gas7, Calb1, Cbln1, Pcp2, and Pcp4; Fig. 1A, green
circles), localized to postmitotic granule cells of the in-
ternal granule layer (IGL) or the single-neuron Purkinje
layer at P15–P22. These results demonstrate the robust
correspondence of genes identified as CEMP/CLMP by
temporal PC1–2, with actual temporal-spatial gene ex-
pression in the developing postnatal mouse cerebellum.

Differentially down- and up-regulated genes in human
MBs segregate to late and early mouse cerebellar
development, respectively

The human samples in our study are previously pub-
lished microarray data of four normal cerebella: nine
dMBs and 22 cMBs (Pomeroy et al. 2002). With this data,
we separately compared gene expression levels in dMB
and cMB cases with respect to normal human cerebella.
dMBs have 239 genes twofold down-regulated and 120
genes twofold up-regulated from normal human cer-
ebella (Fig. 3A,B; Supplementary Table 2). We investi-
gated the expression profiles of murine homologs to
these human genes in the mouse cerebellar development

data and found a significant segregation of dMB-down-
regulated genes to the CLMP and of dMB-up-regulated
genes to the CEMP (�2; p < 0.0001) with a 7.19 odds ratio
(o.r.). The o.r. is a measure of the relative likelihood of an
event belonging to one of two categories. Here it is de-
fined as the odds of a dMB up-regulated gene being
CEMP divided by the odds that it is CLMP. An o.r. > 1
implies a higher likelihood for the gene to be CEMP than
CLMP, and conversely, an o.r. less than 1 implies that
the gene is more likely to be CLMP than CEMP. Analo-
gous results were obtained for cMB twofold regulated
genes (Fig. 3C,D; Supplementary Table 3). Together,
these findings indicate that the genes down- and up-regu-
lated in human cerebellar cancers show a significant and
robust association with the temporal regulation of their
murine homologs during cerebellar development.

Associations between tumorigenesis and development
are organ specific

A relevant follow-up question to consider is whether this
observed genetic association between cerebellar develop-
ment and MB tumorigenesis is merely and entirely a
consequence of non-cell-type-specific programs inherent
in all dividing cells—for example, cell cycle regulation,

Table 1. Stage- and layer-specific expression of 19 marker genes in the developing postnatal cerebellum as assessed by in
situ hybridization (ISH)

P7 P15, P22
Temporal

PC1
Temporal

PC2EGL PK/IGL EGL PK/IGL

Early population
Ccnd1, 12433 +++ −/− − −/− −2.996 −0.422
Ccnb1, 268697 +++ −/− − −/− −3.749 −1.133
Cdc20, 107995 +++ −/− − −/− −3.760 −1.415
Cks2, 66197 ++ −/− − −/− −3.714 −1.619
Ezh2, 14056 +++ −/− − −/− −3.767 −1.551
Nmyc1, 18109 +++ −/− − −/− −3.719 −1.077
Hmgb2, 97165 +++ −/− − −/− −3.682 −1.709
Mcm6, 17219 +++ −/− − −/− −3.457 −1.521

Late population
Neurod1, 18012 ++ −/++ + −/+++ 2.211 1.819
Neurod2, 18013 ++ −/++ + −/+++ 3.422 −1.252
Etv1, 14009 + −/++ − −/+++ 3.601 1.029
Thra, 21833 − +/++ − +/++ 0.703 1.778
Zfp216, 22682 − +/++ − +/+++ 2.918 1.674
Btg1, 12226 − −/++ − −/+++ 2.210 2.651
Gas7, 14457 − ++/+ − +/+++ 3.438 2.052
Calb1, 12307 − ++/− − +++/− 3.953 0.159
Caln1, 12404 − ++/− − +++/− 4.063 0.999
Pcp2, 18545 − ++/− − +++/− 3.566 1.049
Pcp4, 18546 − ++/− − +++/− 2.936 2.441

In situ hybridization was carried out on adjacent frozen sections of cerebellum comprising the stages: P7, P15, and P22. Following each
gene name is its LocusLink identifier. The relative intensity of in situ hybridization results per gene over the time series is indicated
as follows: (−) absent; (+) weak; (++) moderate; (+++) strong (see Fig. 2). Temporal principal component 1 (PC1) and PC2 coordinates of
mouse cerebellar development are given where PC1 > 0 means a CEMP gene, and PC1 < 0, a CLMP gene. The markers segregated into
two broad categories with strongest expression in early cerebellar populations (effectively the external granular layer) and later
populations (granule neurons of the internal granular layer and Purkinje neurons), mapping to CEMP and CLMP regions, respectively,
during mouse cerebellar development (Fig. 1A, dark magenta and green circles).

Kho et al.

632 GENES & DEVELOPMENT



metabolism, protein synthesis—that may be dominating
the MB expression profile. To address this, we performed
cross-organ analyses of development and tumorigenesis.
Because the developmental origins of the lung and of
lung cancer are distinct from the CNS, we repeated the
foregoing experimental/analytic strategy on genes that
were twofold up- and down-regulated in 21 human lung
SCL samples with respect to 17 normal human lung
samples (Bhattacharjee et al. 2001). The background de-
velopment model here was the whole mouse lung as-
sayed at 11 time points: embryonic days 12, 14, 16, 18
(E12, E14, E16, E18); P1, P4, P7, P10, P14, P21; and adult
(>60 d; Mariani et al. 2002). A temporal PCA of the
mouse lung development dataset was performed exactly
as described for the cerebellum above (Fig. 4A,B). Genes
in the left hemisphere (i.e., mouse lung temporal
PC1 < 0; Fig. 4, magenta dots) are more highly expressed
earlier rather than later in lung development. We call
these the Lung Early Mouse Partition (LEMP), in keeping
with our earlier nomenclature for cerebellar develop-
ment. Genes in the right hemisphere (i.e., temporal
PC1 > 0) are more highly expressed later in lung devel-
opment; these we call the Lung Late Mouse Partition
(LLMP). Of the 2552 genes, 63.1% (1610) are LEMP and
36.9% (942) are LLMP during mouse lung development.
A comparison of the murine cerebellar and lung devel-
opment profiles of these genes shows that they are more
similar early in development than late; 53.5% are more
highly expressed during both early cerebellar and lung
development, whereas only 17.3% are expressed at late
stages of both the developing lung and cerebellum. These
percentages obviously mirror the progressively divergent

genetic mechanisms underlying cerebellum and lung de-
velopment. Genes twofold down- and up-regulated in
human SCL exhibit a strong and significant enrichment
for LLMP and LEMP genes, respectively (�2; p < 0.0001,
o.r. = 7.10; Fig. 4C,D; Supplementary Table 4), similar to
results shown above for the cerebellar tumors.

Having demonstrated analogous relationships be-
tween gene regulation in cerebellar and lung tumors
with their respective murine development counterparts,
we went on to investigate the cell type/organ-specificity
of these findings. We examined the murine homolog pro-
files of differentially expressed genes in MB during lung
development and, conversely, the murine homolog pro-
files of differentially expressed genes in SCL during cer-
ebellar development. As shown (Fig. 5), the gene profile
segregations with respect to these noncognate develop-
ment backgrounds are not significant (�2; p > 0.1). The
cross-organ comparison shows a much less pronounced
relationship between down-regulated genes in the hu-
man tumor and the late phase of mouse development.
This is reflected by the more than fivefold drop in o.r.—
as compared with earlier analyses with respect to a cog-
nate development background. In addition, with regard
to the 120 dMB up-regulated genes, their marked bias
toward the early phase of development is no longer dis-
tinct (Fig. 5B). Together, these cross-organ comparisons
suggest that the study of tumorigenesis from a develop-
mental perspective is only meaningful in an organ-spe-
cific context. It follows that the strong association be-
tween the expression profile of human MBs and the
mouse CEMP/CLMP is based on common regulation of
organ-specific rather than general genetic programs.

Figure 3. Murine homologs of genes two-
fold regulated in human desmoplastic me-
dulloblastomas (dMB) and classic medullo-
blastomas (cMB; with respect to normal hu-
man cerebella) on the mouse cerebellum
developmental background (as described,
Fig. 1A). (A) Murine cerebellar development
expression spread of 359 mouse genes
whose human homologs are twofold regu-
lated in human dMB. Magenta crosses mark
genes twofold up-regulated in dMB; green
triangles are genes twofold down-regulated
in dMB. (B) Histograms of the mouse cer-
ebellar temporal PC1 coordinates of two-
fold up-regulated (top magenta histogram)
and down-regulated (bottom green histo-
gram) genes in human dMB. The number of
the 359 genes in each compartment is indi-
cated. The odds ratio (o.r.) and its 95% con-
fidence interval ([left endpoint, right end-
point]), �2, and its associated p value are
given. These data indicate a significant and
robust association between genes up-regu-
lated in the dMB with the CEMP, as well as
down-regulated dMB genes with the CLMP.

(C,D) Identical analysis as described in A and B, but for 263 human cMB twofold regulated on a mouse cerebellar development
background. Similar conclusions can be drawn as for the dMB concerning the significant and strong correspondence of tumor up-/
down-regulated genes and CEMP/CLMP genes.
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Global expression characteristics of individual human
tumor samples can be associated with distinct mouse
development stages

We next asked whether the individual human MBs and
normal cerebella were classifiable with respect to the
global (genomic) characteristics that they share with par-
ticular mouse cerebellar development stages. Rather
than inspecting individual genes as we had done previ-
ously, we switched to a global or “macroscopic” view,
whereby the genomic profiles of mouse samples/stages—
instead of the temporal profile of single genes—are ana-
lyzed by PCA. This methodology effectively reduces the
dimensionality from 2552 gene measurements per
sample/stage to three, while capturing 87.88% of the to-
tal genomic variation (Duda et al. 2001; Misra et al.
2002). Human samples—comprising four normal cer-
ebella, nine dMBs, and 22 cMBs—were then projected
into the genomic developmental trajectory of the mouse
cerebellum (Fig. 6). In the three mouse genomic PC rep-
resentations, mouse samples form four temporally con-
tiguous groups: P1–P3, P5–P10, P15–P30, and P50–P60.
Genomic PC1 appears to correspond with developmental
progression. Individual human cases were then subclas-
sified by their relatedness to a particular developmental
stage—as defined by the Euclidean distance along the
first 20 genomic PCs (capturing 100% of the total ge-
nomic variation in the mouse development data) be-
tween the human and each mouse sample. Twenty-eight
of thirty-one (90.3%) MBs were closest to either P5

(71.0%, 22 MBs) or P7 (19.4%, six MBs; Fig. 6B,D;
Supplementary Table 5). We note that the one normal
human cerebellum that was associated with P10 pos-
sessed the lowest percentage of Present calls (probably
because of poorer assay quality). These results suggest
that, at the level of the overall expression profile, human
MBs most closely resembled the developing mouse cer-
ebellum at stages before P10, whereas normal human
cerebella most closely resembled the mouse cerebellum
at P30–P60. In addition, the dMBs appear to be molecu-
larly more homogeneous than the cMBs, a possible re-
flection of distinct underlying tumorigenic mutations.
An identical genomic PCA was performed on the above-
mentioned mouse lung development data (Mariani et al.
2002) and on the human SCL and normal lung (Bhat-
tacharjee et al. 2001) projected therein, which demon-
strated analogous results in which human SCLs most
resemble mouse lung at E14, whereas normal human
lung resembled a later stage—E18 (data not shown). To-
gether, these findings indicate that global gene expres-
sion within individual tumors can be associated with
particular organ-specific stages of development.

Genetic regulation in metastatic human MB is most
tightly coupled to developing mouse cerebellum at P5

Human MBs are heterogeneous with respect to both
their histology and their aggressiveness, as indicated by
the presence of metastases. The human MB samples in

Figure 4. Mouse lung developmental ex-
pression profile at E12 to more than P60 of
2552 genes represented in their first two
temporal principal components (PC1–2),
and murine homologs of genes twofold
regulated in human squamous cell lung
carcinoma (SCL), with respect to normal
human cerebella, on the mouse lung de-
velopmental background. (A) Expression
profile of 2552 genes in the developing
mouse lung represented as dots in the lung
temporal PC1 (49.10% temporal variance)
and PC2 (13.68% temporal variance). Ma-
genta dots mark Lung Early Mouse Parti-
tion (LEMP) genes. Green dots mark Lung
Late Mouse Partition (LLMP) genes. The
units for PC1–2 are normalized (mean
zero, variance one across samples) Af-
fymetrix signal intensity. (B) Representa-
tive lung expression profiles of genes at
different sectors of the temporal PC1–2
representation (number-matched, A).
Genes from the LLMP (e.g., 1–3, 8) and
LEMP (e.g., 4–7) hemispheres fluctuate
over time in inverse profiles. (C) Expression profile of 155 mouse genes whose human homologs are twofold regulated in human SCL
on a mouse lung developmental background (A). Magenta crosses mark genes twofold up-regulated in SCL; green triangles are genes
twofold down-regulated in SCL. Interestingly, we note the focused and higher concentration of SCL up-regulated genes to the
10-o’clock sector, despite the higher density of normal developmental genes that map to the 8-o’clock sector (A). (D) Histograms of the
mouse lung temporal PC1 coordinates of twofold up-regulated (top magenta histogram) and down-regulated (bottom green histogram)
genes in human SCL. The number of the 155 genes in each compartment is indicated. The odds ratio (o.r.) and its 95% confidence
interval ([left endpoint, right endpoint]), �2, and its associated p value are given. These data indicate a significant and strong association
between genes up-regulated in the SCL tumors with the LEMP and down-regulated tumor genes with the LLMP.
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our dataset had been clinically annotated using the
World Health Organization metastatic stage classifica-
tion label (Pomeroy et al. 2002). Because of the small
sample size of MBs with metastatic stages M1 to M4
(10/31), we pooled these into one class, denoted M+ to
distinguish them from the nonmetastatic cases (21/31),
which were denoted M0. Because we have already ob-
served an association between human cerebellar tumor
samples and early stages of mouse cerebellar develop-
ment before P10 (Fig. 6B,C; Supplementary Table 5), we
next considered whether a developmental association
could be established with tumor clinical behavior.
Among cMBs, 50.0% (7/14) of P5-associated cases are
M+, whereas only 12.5% (1/8) of non-P5-associated cMBs
are M+, with an o.r. of 7.0. Conversely, tumors most
highly associated with >5 postnatal days of development
were more likely to have a less aggressive character.
Consistent with this, the genomic profile of tumors from
the Ptch+/− mouse model (Goodrich et al. 1997; Kim et
al. 2003) of nonmetastatic MB most closely associates
with P7 (Fig. 7; Supplementary Tables 5, 6). These data
suggest that the developmental perspective on tumori-
genesis can provide insights into the clinical behavior of
solid tumors.

Discussion

We report that the genomic study of solid tumors from a
developmental perspective allows the identification of
both specific genes and global regulatory patterns shared
with organogenesis. Although our findings indicate that

common programs underlie development and tumori-
genesis, this is not to say that tumors are identical to, or
possess all the programs of, their developing counterpart.
Clearly, the impact of tumor suppressor loci mutations
constitutes a profound difference from the normal devel-
oping organ. In fact, our data may well indicate that such
mutations are necessary for the permissive state that al-
lows recapitulation of developmentally associated pro-
grams of gene regulation. Because SHH signaling is re-
quired for proliferation of cerebellar granule cells during
development, one particularly striking illustration of
this concept has been the finding of MBs in patients with
mutations of the hedgehog-pathway repressor molecules
Patched/PTCH and SUFU (Rubin and Rowitch 2002).
Activating mutations of the SHH pathway are associated
with dMB but not cMB. Nevertheless, we have observed
a significant correspondence in the mouse cerebellar de-
velopment profile with genes regulated in both tumor
subtypes. This suggests that primary tumors recapitulate
programs of their developing counterpart, irrespective of
whether the inciting tumorigenic mutation involves a
developmentally relevant pathway per se. The database
of genes expressed during mouse organogenesis provides
a framework for interpreting genetic regulation in hu-
man cancers.

Genetic developmental profile provides insight
into the biological behavior of cancer

At the macroscopic/genomic scale, we find that a subset
of MBs resemble cells of the early-developing murine

Figure 5. Profile distribution of genes
twofold regulated in human tumors on
noncognate mouse organ developmental
backgrounds: dMB on lung development,
and SCL on cerebellar development. (A)
The 359 genes twofold regulated in human
dMB on a mouse lung developmental
background (Fig. 4A). Magenta crosses
mark genes twofold up-regulated in dMB;
green triangles are genes twofold down-
regulated in dMB. (B) Histograms of the
mouse lung temporal PC1 coordinates of
twofold up-regulated (top magenta histo-
gram) and down-regulated (bottom green
histogram) genes in human dMB. The
number of the 359 genes in each compart-
ment is indicated. The odds ratio (o.r.) and
its 95% confidence interval ([left endpoint,
right endpoint]), �2, and its associated p
value are given. Note the sharp loss of sig-
nificance and o.r. in the association be-
tween LEMP/LLMP and the fact that dMB
down-regulated genes are almost equally
distributed across LEMP–LLMP. (C,D)
Analogous to A and B, but for 155 genes

twofold regulated in human SCL on a mouse cerebellum developmental background (Fig. 1A). Again, we note a sharp loss in
significance and o.r. in the association between CEMP/CLMP and SCL up-/down-regulated genes: 74.4% of the 82 SCL down-regulated
genes are CEMP, which is not much different from a CEMP percentage bias occurring by chance—recall that because 72.9% of all 2552
genes are CEMP, any randomly selected group of genes would typically have a 72.9% CEMP bias.
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cerebellum. Taking into account all 2552 genes in the
human samples with murine homologs across the two
Affymetrix microarray platforms, we find that the global
(2552 genes) features of human tumors put them closest
to the early-developing cognate organ, whereas normal
human tissue are closest to the late or mature stages of
the developing organ. Thirty of 31 (96.8%) of the human
MBs were segregated from normal human cerebella by
their genomic similarity to mouse cerebellar develop-
mental P1–P10 (especially P5–P7) versus the P30–P60 as-
sociation of normal human cerebella. In particular, we
found a higher likelihood for metastasis (o.r. = 7.0) in P5-
associated cMBs compared with non-P5-associated
cMBs. Genetic regulation within metastatic human MBs
has been previously investigated (MacDonald et al. 2001,
2003; Chopra et al. 2003; Gilbertson and Clifford 2003;
Hernan et al. 2003). Indeed, 37 of the 59 genes that Mac-
Donald et al. (2001; Gilbertson and Clifford 2003) found
to be up-regulated in metastatic human MBs versus non-
metastatic cases are present in our mouse cerebellar de-
velopment data with suitable reproducibility (Supple-
mentary Table 5). Of these, 75.7% (28/37) are CEMP, and
the largest fraction (27.0%, 10/37) are maximally ex-
pressed at P5: PDGFR�, TM4SF1, CTSC, NME1,
ADAM17, NR4A3, RFC4, DDR2, EMP1, and RPA3. The
second-largest group (16.2%, 6/37) comprise genes maxi-
mal at P7: PDGFR�, IGFBP2, IGFBP7, MSX1, POLD2,
and IQGAP1. Interestingly, in mice, the highest levels of

granule neuron precursor proliferation and migration
characterize P5–P7 of cerebellar development—both Shh
and the proliferating granule cell marker, Atoh1/Math1,
are CEMP and are maximally expressed at P5 in our data.
We therefore speculate that the P5–P7 cerebellum con-
stitutes an appropriate focus for identification of mecha-
nisms common to development and the metastatic sub-
set of MBs in children, which carry the worst prognosis.

At the gene-by-gene scale, we find human MB up-regu-
lated genes to largely and significantly belong to the
early mouse cerebellar developmental program, whereas
MB down-regulated genes belong to a later, complemen-
tary program. It follows that similar genetic regulation
underlies the biology of CNS precursors and tumorigenic
cells in these cases. Indeed, recent work supports the
notion that several tumorigenic pathways may yield a
common MB phenotype, with gene expression character-
istics similar to the early-developing cerebellum. Lee et
al. (2003) found a common set of molecular markers for
mouse MBs generated on a p53−/− mutant background
combined with deficiencies of a variety of other genes
including Ptch, Lig4, and cyclin-dependent kinase in-
hibitors. Interestingly, despite genetic differences, the
various mouse MBs were quite homogeneous in terms of
overall gene expression: 21 genes were up-regulated and
nine were down-regulated consistently with respect to
the mouse P5 cerebellum. Of these, 15 of 21 of the up-
regulated and 7 of 9 of the down-regulated genes were

Figure 6. Genomic features of human
normal cerebella and MBs projected into
mouse genomic cerebellar development
space. (A) Mouse and human samples in
the genomic PC1 (60.15% genomic vari-
ance) and PC3 (6.97% genomic variance)
of mouse cerebellar development P1–P60.
Reference circles mark mouse cerebellum
developmental stages. Projected human
samples into this mouse genomic space
are marked ✕: (green) normal cerebella
(n = 4); (dark magenta) nonmetastatic (M0)
dMB (n = 7); (light magenta) metastatic
(M+) dMB (n = 2); (blue) M0 cMB (n = 14);
(light blue) M+ cMB (n = 8). Note the con-
figurations of human samples (✕) in rela-
tion to the mouse stages (�). (B) A stacked
histogram of the mouse cerebellum devel-
opmental stage/day most closely associ-
ated with each human case. Note the
higher concentration of M+ MBs with P5
association. Detailed quantitation/dis-
tances are shown (C,D; Supplementary
Table 5). (C) The average Euclidean dis-
tance between each mouse cerebellum de-
velopment stage to nonmetastatic dMB (n = 7, solid dark-magenta line), metastatic dMB (n = 2, solid light-magenta line), and normal
human cerebellum (n = 4, solid green line). Color-matched dotted lines mark the one standard deviation envelope around the average
distance. The first 20 genomic mouse PCs are used for calculating distances between human and mouse, which account for 100% of
total mouse genomic variance. Note that on average, dMBs (M0 and M+) are closest to the early-developing mouse cerebellum around
P5 than to normal human cerebella. The latter are, on average, closest to the late development stages of mouse cerebellum P30–P60
than dMBs. (D) Similar to B, but for cMBs: nonmetastatic cMB (n = 14, solid blue line), metastatic cMB (n = 8, solid light-blue line),
and normal human cerebellum (n = 4, solid green line). Again, we note that on average, cMBs (especially M+ cases) are closest to the
early-developing mouse cerebellum around P5 than to normal human cerebella. M0 cMBs are closest to P5–P7.
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present in our mouse cerebellar development dataset
with suitable reproducibility (Supplementary Table 5).
We find that 86.7% (13/15) of the mouse MB-associated
up-regulated genes are CEMP, and 46.7% (7/15) are
maximal at P5. Only 28.6% (2/7) of the mouse MB down-
regulated genes are CLMP. This latter finding does not
contradict an anticipated CLMP-enrichment because
their choice of a baseline tissue was the mouse P5 cer-
ebellum, an early stage of active proliferation that ex-
presses very few, if any, cerebellar late development
genes. In keeping with our findings in human tumors,
the observations of Lee et al. (2003), therefore, suggest
that the association with the early-developmental profile
will apply to mouse models of MB as well. Indeed, the
genomic profile of tumors from the Ptch+/− mouse model
(Goodrich et al. 1997; Kim et al. 2003) of nonmetastatic
MB most closely associates with P7 (Fig. 7; Supplemen-
tary Tables 5, 6).

Relevance of the developmental-genetic association
to the design and characterization of preclinical
models of tumorigenesis

Tumorigenic progenitors of the CNS have been proposed
to arise from multipotent stem cells (Reynolds and
Weiss 1996; Holland 2001; Singh et al. 2003) and somatic
cells that have de-differentiated (Bachoo et al. 2002; Uhr-
bom et al. 2002; Katsetos et al. 2003). Our analyses dem-

onstrate a conservation of developmental mechanisms
in MB tumorigenesis, consistent with a stem-progenitor
cell origin of such tumors. A related question is whether
certain types of tumor cells are “stalled” progenitors. For
instance, in acute myelogenous leukemia, evidence ex-
ists for the disruption of normal hematopoietic differen-
tiation programs (Reya et al. 2001; Tenen 2003). How-
ever, the case for solid tumors is less clear. The general
approach of investigating a pathologic system from the
vantage point of a developmental sequence will test
ideas such as the stem cell origin of tumors and can be
extended to general cases of tumorigenesis and disease
and injury, as demonstrated by our human SCL analysis.
Acquisition of genomic information on humans and
other vertebrate species provides new opportunities for
answering biologic questions about one species by inves-
tigating an “equivalent” system that, on practical or
ethical grounds, is more amenable to experimentation.
Our analytic-projective technique enables the analysis of
human tissue against a nonhuman system background
across different measurement platforms. As a corollary,
our findings indicate the importance of analyzing human
primary tumors with a cognate development model: The
robust association between development and tumorigen-
esis was lost when cerebellar tumors were analyzed
against the developing lung and, vice versa, lung cancer
against cerebellar development. Thus, nonhuman devel-
opment models—carefully chosen and validated by glob-
al similarities to human tumors—may constitute a rel-

Figure 7. Gene regulation and genomic
features of MBs and normal cerebellar tis-
sue from Ptch+/− mutant mice on the back-
ground of mouse cerebellum development.
(A) Murine cerebellar development expres-
sion profile of 373 mouse genes that are
twofold regulated in MB with respect to
normal cerebellar tissue in Ptch+/− mouse
mutants. Magenta crosses mark genes two-
fold up-regulated in dMB; green triangles
are genes twofold down-regulated in dMB.
(B) Histograms of the mouse cerebellar
temporal PC1 coordinates of twofold up-
regulated (top magenta histogram) and
down-regulated (bottom green histogram)
genes in mouse MB (Ptch+/−). The number
of the 373 genes in each compartment is
indicated. The odds ratio (o.r.) and its 95%
confidence interval ([left endpoint, right
endpoint]), �2, and its associated p value are
given. These data indicate a significant and
strong association between genes up-regu-
lated in the Ptch+/− mouse MB with the
CEMP, as well as down-regulated MB genes
with the CLMP. (C) Genomic profile of

Ptch+/− mouse MB and normal cerebellar tissue in the genomic PC1 (60.15% genomic variance) and PC3 (6.97% genomic variance) of
mouse cerebellar development P1–P60. Reference circles mark the mouse cerebellar development stages. Projected Ptch+/− mouse
samples into this mouse cerebellar development space are marked ✕: (green) normal cerebella (n = 4); (dark magenta) MB (n = 9). Note
the configurations of Ptch+/− mouse samples (✕) in relation to the mouse development stages (�). (D) A stacked histogram of the mouse
cerebellar development stage/day most closely associated with each Ptch+/− mouse case. The Euclidean distance from each Ptch+/−

mouse sample to each development stage is calculated along the first 20 genomic mouse cerebellar development PCs as in Figure 6C
and D (Supplementary Table 5). Note the higher frequency of Ptch+/− MBs with P7 association.

Conserved mechanism: development of cancer

GENES & DEVELOPMENT 637



evant system for preclinical testing of candidate antineo-
plastic therapeutics.

Although our work illustrates how mouse develop-
mental models can be exploited to learn more about hu-
man tumors, it remains to be seen how generally appli-
cable this approach will be to a large range of different
tumors. It may be that the strong correlations we ob-
served reflect the relative homogeneity of the developing
cerebellum, in which a significant number of granule
neuron precursors show coordinate patterns of gene ex-
pression at specific developmental stages. However, this
might not be the case for many other tissues that are
composed of a large variety of different cell types, ob-
scuring the specific profile of the cell type that resembles
the tumor. Further investigation is needed to determine
whether this issue will ultimately limit the applicability
of our approach. However, such potential problems
could be overcome by improved linear amplification
methods combined with microdissection of mouse tis-
sues (Vincent et al. 2002; Zirlinger and Anderson 2003).

Possible diagnostic and prognostic relevance of genetic
developmental associations in human cancers

Given the complex nature of solid cancers, which in-
cludes inter- and intratumor cellular-molecular hetero-
geneity, multivariate methods have proven critical in
the accurate characterization of case-specific tumor phe-
notype (Golub 2003). Our results suggest that cross-spe-
cies analysis of a cognate model developmental system
might generally provide novel insight into the biological
and clinical behavior of solid tumors in several ways.
First, one might achieve an objective and robust molecu-
lar definition of an undifferentiated versus a mature
state, using multivariate methods that may be more re-
liable than current diagnostic practices, which are pri-
marily based on histopathology and a small number of
immunohistochemical markers. We suggest that a com-
prehensive organ-specific database of gene expression,
such as the one described here for the cerebellum, might
have further application in the clinical domain. In a re-
cent study, using the extensively studied Ptch+/− mouse
model of MB, Kim et al. (2003) observed expression of
known markers both for immature cells (e.g., Atoh1/
Math1) and for differentiated neurons (e.g., Neuna60/
NeuN), indicating that reliance on a small number of
markers and morphological criteria alone is not adequate
for documenting the degree of tumor differentiation
(Kim et al. 2003). Our present data, using global mea-
sures of gene expression in a large number of human
MBs, indicate that it is possible to associate the expres-
sion profile with an individual tumor case by its simi-
larity to a particular phase-day of development. As such,
it may provide a means for describing level of differen-
tiation within a tumor via comprehensive measures of
gene expression.

Second, the strong association between metastatic hu-
man MBs and mouse cerebellum P5 suggests that, dis-
tinct from diagnostic parameters regarding the degree of

differentiation with a tumor, it may be possible to make
prognostic prediction on the basis of global similarities
to a particular developmental stage. As noted, P5 of cer-
ebellar development is characterized both by high levels
of granule cell proliferation and by migration, two fea-
tures present in aggressive tumors. A clearer understand-
ing of the operative mechanisms for particular phases of
brain development will undoubtedly provide further in-
sights into human CNS tumor biology, prognosis, and
possible therapeutic interventions.

Materials and methods

Assessment of gene expression during wild-type mouse
cerebellar development and in cerebellar tumors

Pooled whole cerebella were profiled using Affymetrix Mu11K
(MAS 5.0) arrays at 10 separate time points: P1, P3, P5, P7, P10,
P15, P21, P30, P50, and P60. Each time point except P50 was
assayed in duplicate with split aliquots (Zhao et al. 2002). A
Pearson correlation exceeding 0.50 between duplicate mea-
surements P1–P60 (without P50) was found for 5826 unique
LocusLink identified genes. In situ hybridization has been de-
scribed (Zhao et al. 2002). Genotyping and propagation of tu-
mors in Ptch+/− mice was carried out as described in Kim et al.
(2003). Tumor and grossly normal-appearing cerebellar tissue
were dissected in several matched samples for RNA profiling
using Affymetrix Mu11K arrays as described above.

Human MB, normal human cerebella, human squamous cell
lung carcinoma, normal human lung samples, and wild-type
mouse lung development data

The microarray data, materials, tumor, and patient clinical phe-
notypes have been described—dataset_B (Pomeroy et al. 2002);
LUNG_scans_SQ, LUNG_scans_NORM (Bhattacharjee et al.
2001)—and are available at http://www-genome.wi.mit.edu/
cancer. The mouse lung development data have been described
and are available at http://lungtranscriptome.bwh.harvard.edu
(Mariani et al. 2002). Murine cerebellar development series and
Ptch+/− MB data are available at http://www.chip.org/resources/
data/mouse_cerebellum.

Homology mapping

Curated and calculated functional orthologs (Zhang et al. 2000)
between mouse and human genes were derived from Homolo-
Gene (http://www.ncbi.nlm.nih.gov/HomoloGene, Sept 15,
2003, data freeze). Between the Affymetrix Mu11K and HuFL
arrays, 3097 unique human-mouse homolog pairs were found.
Uniqueness was achieved by selecting probes with the largest
number of Present calls. When Present calls are tied, we select
the probe with the maximal coefficient of variation across ex-
perimental conditions. We used 2552 of the 3097 genes that had
a reproducible profile (Pearson correlation exceeding 0.50) be-
tween the two-replicate set of mouse cerebellar development
assays P1–P60 (without P50).

Human tumor fold analysis

For the fold analysis of human normal and tumor samples, each
sample is normalized by linear regression (Wu 2001) to a refer-
ence set consisting of the average of a normal cerebellum and a
dMB sample that, respectively, have the maximal average Pear-
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son correlation against the four normal cerebella samples and
the 7 dMB (or 20 cMB) samples. We used a geometric fold
method modified from Zhao et al. (2002) to assess the genes that
are significantly changed in expression levels in tumors with
respect to normal tissue/controls. Without loss of generality,
suppose that c < a1 � a2 �…� aN are the measured levels of a
particular RNA in N tumors, and c < b1 � b2 �…� bM are the
same RNA’s measurements in M reference/normal tissue for
some positive real constant c. In our fold analyses, we threshold
all RNA measurements at c = 50. We define the average geo-
metric fold change of this RNA in the tumors with respect to
normal tissue as AvgLF = �j = 1

N log(aj)/N − �k = 1
M log(bk)/M;

and the maximal intragroup variation as Noise = max(NoiseTumor,
NoiseNormal), where NoiseTumor = �j = [M/2]+1

M log(aj)/[M/
2] − �j = 1

[M/2] log(aj)/[M/2], and NoiseNormal = �k = [N/2]+1
N log(bk)/

[N/2] − �k = 1
[N/2] log(bk)/[N/2]. The notation [K] denotes the

greatest integer less than or equal to the real number K; for
example, [5.9] = 5 = [5.1], [10/2] = 5 = [11/2]. A gene was deter-
mined to be twofold regulated in dMBs with respect to normal
cerebella if Abs (AvgLF) > Noise, Abs (AvgLF) > log(2) with at
least one non-Absent call in all samples involved. We used the
natural logarithm, in which log(2) = 0.6931.

Mouse cerebellum temporal PCA

Each mouse sample was linear regression-normalized (Wu 2001)
to the P1 sample that had the highest average correlation
against all samples P3–P60. Before the temporal PCA of mouse
data, each of the 2552 genes was individually normalized to
mean zero and variance one across P1–P60 (Duda et al. 2001;
Misra et al. 2002). The percentage temporal variances captured
by each of the first five temporal PCs (of 18 nonzero compo-
nents) were 53.72%, 16.30%, 6.48%, 4.22%, and 2.92%, total-
ing 83.64%. PCA was performed using Matlab. The mouse lung
development data of the same 2552 genes was similarly ana-
lyzed.

Mouse cerebellum genomic PC analysis and the projection
of human samples onto murine development genomic space

Before the genomic PCA of mouse data, each individual mouse
sample—a vector of 2552 genes—was first normalized to mean
zero and variance one across all its 2552 measurements (Duda et
al. 2001; Misra et al. 2002). The percentage genomic variance
captured by each of the first five genomic PCs were 60.15%,
20.76%, 6.97%, 2.86%, and 1.89%, totaling 92.63%—with the
first 20 genomic PCs covering 100% of total genomic variance.
Each genomic PC is a 2552-vector, so that from the genomic
PCA of the mouse cerebellar development data, we obtain a
2552 × 2552 matrix, denoted �, whose columns are composed of
nonzero mouse genomic PCs. � was used to project human
samples into the mouse cerebellar development genomic space.
Each human sample is a 2552-vector with vector slots ordered
genewise homologous to the mouse sample vectors; that is, if
the 1685th slot of the human vector is the measured expression
for BACH (brain acyl-CoA hydrolase), then the 1685th mouse
vector slot is the measurement for its murine homolog, Bach.
Call this human 2552-vector/sample, x. We rewrite x with re-
spect to the mouse genomic PCs via the transformation y = ��x;
that is, y is how the human sample appears relative to the
mouse cerebellar development framework/basis. Figure 6A (✕s)
shows the first and third components of all human samples, ys.
This procedure is essentially a change of coordinates from the
standard bases in R2552 into a new set of bases elements derived
from the genomic mouse PCA. The distance between human-

mouse samples is calculated along the first 20 mouse genomic
PCs—constituting 100% of genomic variance in the mouse cer-
ebellar development data.
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