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Hedgehog pathway activation is required for proliferation of cere-
bellar granule cell neuron precursors during development and is
etiologic in certain cerebellar tumors. To identify genes expressed
specifically in granule cell neuron precursors, we used oligonucleotide
microarrays to analyze regulation of 13,179 genes�expressed se-
quence tags in heterogeneous primary cultures of neonatal mouse
cerebellum that respond to the mitogen Sonic hedgehog. In conjunc-
tion, we applied experiment-specific noise models to render a gene-
by-gene robust indication of up-regulation in Sonic hedgehog-
treated cultures. Twelve genes so identified were tested, and 10
(83%) showed appropriate expression in the external granular layer
(EGL) of the postnatal day (PN) 7 cerebellum and down-regulation by
PN 15, as verified by in situ hybridization. Whole-organ profiling of
the developing cerebellum was carried out from PN 1 to 30 to
generate a database of temporal gene regulation profiles (TRPs).
From the database an algorithm was developed to capture the TRP
typical of EGL-specific genes. The ‘‘TRP-EGL’’ accurately predicted
expression in vivo of an additional 18 genes�expressed sequence tags
with a sensitivity of 80% and a specificity of 88%. We then compared
the positive predictive value of our analytical procedure with other
widely used methods, as verified by the TRP-EGL in silico. These
findings suggest that replicate experiments and incorporation of
noise models increase analytical specificity. They further show that
genome-wide methods are an effective means to identify stage-
specific gene expression in the developing granule cell lineage.

Sonic hedgehog � proliferation � expression profiling � oligonucleotide
microarray � noise

During early central nervous system development, multipotent
progenitors are instructed by extrinsic signals from organizing

centers such as the floorplate and midbrain–hindbrain isthmus (1).
The transcriptional response to such signals is complex, depending
on intrinsic restrictions on cellular competence to proliferate or
develop into specific classes of neurons or glia. For such reasons,
central nervous system developmental interactions are difficult to
model by using homogeneous cell lines. Recent work indicates that
expression profiling can identify genes expressed in the central
nervous system (2–7) as confirmed by in situ hybridization (ISH;
refs. 2 and 3). However, the application of gene-expression profiling
to model systems in developmental biology poses unique technical
and analytical challenges. Analysis of gene expression in particular
cells within a heterogeneous tissue often is hampered by the
inability to purify cells that maintain the biological characteristics of
populations in situ. Additionally, the analytic algorithms used for
identification of genes may fail to account for noise in the exper-
imental data (8, 9).

As a model system, the rodent neonatal cerebellum is suitable for
study of these issues, because it is relatively simple anatomically and
is comprised predominantly of granule cell neurons. Granule cell
neuron precursors (GCNPs) are generated by the embryonic
hindbrain and migrate dorsally to form the outer layer of the
cerebellum, or external granule layer (EGL; Fig. 1A; ref. 10).
Cerebellar growth is largely postnatal, and the secreted glycopro-

tein Sonic hedgehog (Shh) is necessary for GCNP proliferation in
vivo. Primary cultures of neonatal cerebellum have been used to
study granule cell development, and Shh has been shown to cause
proliferation and prevent differentiation of GCNP in vitro (11–14).
We have incubated postnatal day (PN) 5 GCNP cultures in serum-
containing medium for 12–16 h without Shh proteins, which allows
most immature granule cells to leave the cell cycle (14). Approxi-
mately 20% of remaining GCNPs continue to express the immature
marker, Math1 (15), and proliferate after subsequent Shh treat-
ment. Thus, these cultures are highly heterogeneous, comprising
populations of neurons and glia that are postmitotic or at various
phases of the cell cycle.

Here we show that it is possible to prospectively identify genes
expressed specifically in GCNP in vivo with high specificity via
microarray analysis of primary cerebellar cultures treated with
Shh. Our results indicate that patterns of temporal regulation in
silico, derived from whole-organ profiling during cerebellar
development, can be used to recognize as well as validate
GCNP-specific gene expression. We then use this information to
compare various analytic procedures in terms of the relative
false-positive rate. Incorporation of noise models augmented
analytical specificity and identification of genes with temporal-
spatial restriction to GCNP in the developing cerebellum.

Materials and Methods
Primary Cerebellar Cultures and Oligonucleotide Microarrays. De-
tailed procedures for preparation of primary cerebellar culture of
neonatal Swiss–Webster B PN 4–5 mice and treatment with Shh
and growth-arrest conditions are described (14). Approximately
1.5 � 107 cells or 3–5 pooled cerebella from PNs 1, 3, 5, 7, 10, 15,
21, and 30 were collected. From all conditions, 20 �g of total RNA
purified by CsCl2 density gradient or Trizol was prepared for
hybridization to Affymetrix (Santa Clara, CA) Mu11K GENECHIP;
chips were scanned, and data capture was carried out as de-
scribed (16).

Average of Ratios (AR) Analysis Method. Affymetrix software uses
the average difference (Avg Diff) as a quantitative indicator of
expression of a transcript and the absolute call to assess the
reliability of transcript measurement (absolute call values: ab-
sent, marginal, or present). Our experiments used the Mu11K
ensemble of 13,179 probe sets for expressed sequence tags
(ESTs) and controls, which we refer to as the Chip data set. For
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these, the Avg Diff values were normalized by a linear regression
technique (17–19) using a 3-h vehicle data set as its normalizing
reference. Our normalization method assumes that the overall
distribution of expression values is similar. Our analyses showed
a maximum of 493 genes differentially expressed between two
states (3 h untreated vs. treated) or less than 4% of the total
number of genes measured (Fig. 2). Because the scatter of genes
is not affected by the linear transformation that the normaliza-
tion provides, we believe that the assumption is sound.

An FDN representing the probabilistic distribution of log-
arithmic fold changes was calculated from the pair of most
highly correlated 3-h vehicle data sets (two identical targets
(aliquots) that had been hybridized onto separate microar-
rays). Let � � (�1, �2, . . . , �13,179), where �i takes values 1 or

2, and be a permutation of the Avg Diff values of the 3-h
replicate vehicle experiments. For each �, we compute a mean
and SD as follows in Eqs. 1 and 2.

�N,� �
1

13,179 �
i � 1

13,179

log�v1 � �i

i

v2 � �i

i � [1]

�N,� � � 1
13,179 �

i � 1

13,179� log�v1 � �i

i

v2 � �i

i � � �N�2	1�2

[2]

Here vj
i is the Avg Diff value for gene i under vehicle condition

j. (we define sj
i similarly for the Shh-treated condition). For 5,000

different permutations of �, we found the �N to be Gaussian-
distributed �0.0065 (1.0065-fold; Fig. 2) and the average and
median of �N to be 0.7608 (2.1400-fold). All folds were trans-
formed logarithmically for numerical symmetry around zero. For
each EST, we calculated a statistic for its fold change from
vehicle to Shh-treated conditions as follows in Eqs. 3 and 4,
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where vj and sj denote Avg Diff values for the EST in the jth vehicle
and Shh-treated conditions, respectively. � is invariant under the
order of taking folds, and there are an equal number of replicate
experimental data sets, three, in each of the vehicle and Shh-treated
conditions. We call this the fold method based on the statistic of
ratios. A gene is considered to be up-regulated significantly from
vehicle to Shh-treated condition if (i) the fold statistic average was
greater than one SD above the FDN (i.e., � � �N), and (ii) � � � �
0.24 (i.e., �1.27-fold increase at the lower end).The initial selection
of parameter values was arbitrary with the intention to modify them
based on empirical testing of their ability to identify genes expressed
in the developing cerebellum. These initial parameter values were
found to yield a success rate of 83% (Table 1) of the genes
identified, and therefore no further modifications were carried out.
A similar rationale explains the use of a Pearson correlation value
of �0.75 in the temporal gene regulation profile (TRP)-EGL
algorithm (below).

Permutation Testing. Permutation analysis was carried out as
described (19) whereby the condition labels of the data were
permuted within their respective 3- and 24-h experiment groups.
The relabeled data were analyzed for the number of significant
genes, and the procedure was repeated with different label
permutations. Results of 10,000 permutations for the intersec-
tion of genes up-regulated across conditions in both the 3- and
24-h yielded a false-discovery rate (FDR; ref. 19) for our AR
method of 15.2%. In contrast, an FDR of 60.5% was obtained for
the conventional ratio of the averages (RA) technique (3, 20, 21)
where the fold is calculated as follows in Eq. 5.

� �

�
j � 1

3 sj

�
j� � 1

3 vj�

[5]

Generation of TRP. Duplicated microarray data sets were obtained
from eight postnatal time points: PN 1, 3, 5, 7, 10, 15, 21, and 30.
Each data set was normalized by linear regression (17) against

Fig. 1. Structure of PN 7 mouse cerebellum and experimental approach. (A)
The layered architecture of the cerebellum in a parasagittal section. The EGL
comprises actively proliferating granule cells (EGLa) and those that recently
have left the cell cycle (EGLb). The Purkinje cell (Pur), molecular (MOL), internal
granule cell (IGL), and cerebellar white matter (CW) layers are indicated. (B)
Schematic diagram of experimental strategy used to identify 76 genes�EST
significantly up-regulated by Shh under various culture conditions and veri-
fication by ISH. (C) Whole cerebella during PN1–30 were analyzed by Gene-
Chips to generate a database of temporal gene regulation used to validate
results of analytical techniques in silico.

Fig. 2. Genes up-regulated under experimental conditions. (A) Distribution
of measurement error. The y axis is the output of Gaussian random number
generator N (0, 0.0065), and the x axis is �N from 5,000 permutations � of
condition labels. The linear relationship between X and Y indicates Gaussian
distribution of measurement error. (B and C) Example of the log-fold distri-
bution caused by noise (FDN; green line) and log-fold distribution of Shh-
treated vs. vehicle-treated cells (red line) at 3 (B) and 24 (C) h for the gene
cdc20. Areas underneath the curves indicate respective probabilities. �, mean;
�, SD. (D) Total number of genes�EST significantly up-regulated at 3 (red) and
24 (yellow) h and under conditions of growth arrest (blue).
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a PN 1 set. A gene possessed an ‘‘EGL-specific temporal
pattern’’ if in its temporal profile: (i) the average of Avg Diffs for
PN 3–7 was significantly greater (Student t test, with P � 0.05)
than the average of Avg Diffs for PN 15–30, (ii) data for the gene
contained at least one ‘‘P’’ call, (iii) Ave Diffs of at least one
entry was �200, and finally (iv) that the profile had a maximum
Pearson correlation greater than 0.75 with respect to the pat-
terns: exp[�0.2(t � 3)2], exp[�0.2(t � 5)2], or exp[�0.2(t � 7)2].

ISH. Neonatal cerebella (PN 1, 7, and 15) from perfused Swiss–
Webster B mice and all genes�ESTs in Table 1 were analyzed as
described (ref. 22; detailed protocol available on request).

Results
We asked whether stimulation of primary cerebellar cultures with
Shh could be used to identify genes expressed in the GCNP
component. For the oligonucleotide microarray experiments, RNA
samples were harvested from primary PN 4–5 cerebellar cultures
after 3- and-24 h treatment with Shh or vehicle (control), corre-
sponding to the timing of G1 cyclin gene up-regulation and maximal
levels of proliferation, respectively (14). Further, to distinguish
Shh-regulated genes expressed within postmitotic granule neurons
or glia, we generated expression profiles from cultures that were

growth-arrested and then treated with Shh (14). Fig. 1B illustrates
the overall organization of experiments (data available at
www.chip.org��kho�sonic.txt).

The analytic method was developed to measure the likelihood
that a reported fold change in expression was caused by a genuine
physiological response as opposed to being an artifact of microarray
measurement error or noise. To account for biological sample
variability, all experiments were performed in duplicate (interex-
perimental noise). In addition, an analysis was performed to
account for inter-Chip variability. In sum, three separate hybrid-
izations�analyses were performed for each of the 3- and 24-h
vehicle and Shh-treated samples. As illustrated in Fig. 2, a gene was
regarded as significantly up-regulated when (i) its fold statistic
average � was one SD (�N) above the FDN average of 0.0 and (ii)
� � � � 0.24 (see Materials and Methods). In other words, we
selected for genes with up-regulation above a chosen threshold with
low variance and therefore a higher likelihood of fold reproduc-
ibility across replicates.

By using this procedure, of 13,179 potential genes�ESTs, 493
(4.4%) and 475 (4.3%) genes showed significant up-regulation after
3 and 24 h of Shh treatment, respectively (Fig. 2B). Only 79 genes
(0.7%) were up-regulated at both time points (Fig. 2B). Permuta-
tion analysis indicated that these findings were highly unlikely to

Table 1. Expression of genes�ESTs in vivo in the neonatal mouse cerebellum

Genes Accession No.

PN 1 PN 7 PN 15

EGL EGLa EGLb PK IGL EGLa EGLb PK IGL

Training set: EGL expression—positive*
CycD1 W08016 			 			 � � � � � � �

STK1 D21099 			 		 		 � � � � � �

Cdc20 AA00468 			 			 			 � � 	 	 	 	

CKS2 AA11263 		 		 � � � � � � �

AYK1 U80932 			 		 � � � 	 	 � �

IPL1 AA050055 	 		 		 � � � � � �

SET W78604 			 			 			 � � 	 	 	 	

BM28 AF004105 			 			 � � � � � � �

RanBP1 X56045 			 			 � � � � � � �

DP1 X72310 		 			 		 � � � � � 		

Training set: EGL expression—negative*
Stra13 Y07836 � � � � � � � � 		

EST69† C76791 � � 	�� 		 	 � � � �

Test set: EGL expression—positive‡

E2F1 L21973 	 		 		 � � � � � 		

RNM2 M14233 		 			 			 � � � � � �

CycB2 X66032 			 		 		 � � � � � �

N-myc X03919 			 			 			 � � � � � �

CycA2 Z26580 			 			 			 � � � � � �

CycB1 AA426917 		 			 			 � � � � � �

mMIS5 AA689977 			 			 			 � � � � � �

EIF4A AA166088 		 			 			 	 	 � � � �

HMG1 Z11997 		 			 			 � � � � � �

PAL31 W48027 		 			 			 	 	 � � � �

Test set: EGL expression—negative‡

AA84 AA688784 � 	 	 � � � � � �

AA96 AA267296 � 	 	 � � � � � �

FKBP-13† AA072278 � 	�� 	�� � � � � � �

BC73 AA16900 � 	�� 	�� 	 � � � � �

RCC AA051583 � 	 	 � � � � � �

AA88 AA275288 � 	 	 � � � � � �

QKI5A AA174970 � � � 			 			 � � � �

FIN-14 U42386 � � � 		 		 � � � �

PK, Purkinje cell; IGL, internal granule layer; EGLa, actively proliferating granule cells; EGLb, granule cells that recently have left the
cell cycle.
*A training set of 12 genes was tested for EGL-specific expression in PN 1, 7, and 15 mouse cerebella by ISH. Ten of these (CycD1, STK1,
CDC20, CKS2, AYK1, IPL1, SET, BM28, RanBP1, and DP1) showed expression in the PN 7 EGL in contrast to Stra13 and EST69.

†Entries identified by the TRP-EGL that failed to show expression in the EGL in vivo (false positives). False negatives, not identified by
the TRP-EGL but having EGL-specific expression, are underlined.

‡Test data set expression in vivo. Of an additional 18 genes tested, 10 were expressed in the PN 7 EGL, and 8 genes were not expressed
specifically in the EGL. The relative intensity of expression is shown as strong (			), moderate (		), weak (	) or absent (�).
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have been obtained by chance alone. Of the 79 genes identified,
many were involved in cell cycle regulation, chromatin remodeling,
and DNA�RNA synthesis. For instance, 10 genes (14%) encoded
protein components of cell cycle machinery, 12 (17%) were
nuclear-chromosomal proteins implicated in DNA replication, and
others (e.g., DNA topoisomerase II, tRNA ligase, and endonucle-
ase 1) are associated with ribosomal assembly. These findings
suggested that the majority of genes up-regulated by Shh at both 3
and 24 h were associated with the GCNP component of the cultures.
Interestingly, within these primary cerebellar cultures, proliferating
GCNPs account for only �20% of total cells (14). Under culture
conditions of growth arrest, a distinct and largely nonoverlapping
set of genes was up-regulated by Shh (Fig. 2D), suggesting differ-
ences in the transcriptional response between GCNP and postmi-
totic granule cells. Three genes also identified in conditions of
growth arrest were subtracted to form the final list of 76 genes
specifically up-regulated in Shh-treated cerebellar cultures (Table 3,
which is published as supporting information on the PNAS web site,
www.pnas.org).

Validation of Candidate Genes�ESTs at Key Developmental Time
Points. To determine whether some or all of the 76 candidates
were expressed in the EGL, we chose a ‘‘training set’’ of 12
randomly selected genes�ESTs and submitted them to ISH on
cryosections of PN 1, 7, and 15 neonatal cerebellum. These
stages correspond to periods of GCNP proliferation (PN 1 and
7) and differentiation (PN 15 and later stages) (23). In particular,
PN 7 most closely approximates the temporal stage of cerebellar
development reflected in the cultures of PN 5 granule cells after
�40 h in vitro. Strikingly, we observed that 10 of 12 (83%)
training-set genes showed specific expression in the PN 1–7 EGL
(Fig. 3 and Table 1).

Whole-Organ Temporal Expression Profiling. We observed that 83%
of genes in the training set were expressed in PN 1–7 cerebellum
and down-regulated significantly by PN 15 (Table 1), which is
consistent with normal temporal regulation of GCNP prolifer-
ation. These findings suggested the concept of a TRP, charac-
teristic of genes expressed within the GCNP compartment of the
EGL. If so, it was possible that such expression signatures could
be identified via microarray analysis.

We submitted duplicate samples of whole developing mouse
cerebellum from PN 1–30 for analysis (Fig. 1C). As shown (Fig. 4A),
10 of 12 genes with validated expression in the EGL were highly
expressed at PN 3–7 relative to levels at PN 15–30. Of the remaining
2 of 12 genes, Stra13 showed neither this temporal pattern (Fig. 4B)
nor EGL expression (Table 1). Although EST69 did show the
temporal pattern characteristic of EGL-specific genes, its expres-
sion was not confirmed in situ (Table 1). The failure to detect EST69
expression may be caused by technical problems such as faulty
probe design or low endogenous expression levels. In any case, these
findings suggest a high correspondence between genes expressed in
cerebellar granule precursors, as detected by ISH and the temporal
sequence of regulation typified by genes shown in Fig. 4A, as
determined by whole-organ expression profiling.

We formalized our knowledge-based approach to analyze addi-
tional genes prospectively. The TRP-EGL was designed to identify
genes with a temporal pattern of expression typical of true-positive
genes in the training set. We applied the TRP-EGL to the list of
remaining candidates from Table 3 and chose nine that met
TRP-EGL criteria (positives) and nine that did not meet criteria
(negatives). These 18 genes comprised the test data set, which was
validated by ISH (Table 1). As shown (Fig. 5), the TRP-EGL
predicted the in vivo pattern of expression with a high sensitivity of
80% and specificity of 88%.

Application of Noise Models Increases Analytical Specificity. These
findings suggested that the TRP-EGL database in silico provided

an independent means of identifying and�or validating genes
expressed in GCNPs in vivo. As shown in Table 2, the yield of
genes meeting TRP-EGL criteria was improved significantly
with biological replication of experiments. Of the list of 76 genes
common to both 3- and 24-h treatment data sets, 52% met
TRP-EGL criteria vs. only 17 and 23% of genes identified from
3- or 24-h time points alone, respectively (Table 2). We note that
the observed rate of test genes expressed in the EGL by ISH (10
of 18, 56%) was quite close to the expected rate based on
validation by TRP-EGL. These findings are further evidence that
the temporal gene-expression database provides an independent
and accurate means of validating gene expression in silico.

Using this resource, we compared our custom analytic (AR)
procedure with others in current use including fold significance
(RA) methods (19–21) and significance analysis of microarrays
(SAM; ref. 19). As shown (Table 2), although the RA method yields
a higher overall number of genes, the positive predictive value is
decreased slightly as compared with the AR method at 3 or 24 h.
However, the AR method yields a 1.4-fold increase in identification
of authenticated genes when the 3- and 24-h data sets are combined.
For SAM, we performed two tests. First, to keep the same
sensitivity, we ran SAM with 
3 h � 0.21670 and 
24 h � 0.17392
(FDRs 54.6 and 49.5%, respectively), which generated gene lists of
similar size to the AR list. As shown (Table 2), 494 and 476 genes
were identified by SAM as significantly up-regulated in the 3- and
24-h data sets, and of these, 67 (14%) and 51 (11%) genes were
validated by TRP-EGL. However, only 14 genes from these lists
overlapped, one of which was confirmed. In a second analysis using
SAM for 
 values (
3 h � 0.91 and 
24 h � 1.31) that resulted in an
FDR of 10.3 and 10.8%, only 31 and 26 genes were identified as
up-regulated, and none of them overlapped (data not shown).

Fig. 3. Expression of candidate genes�ESTs in vivo in the neonatal mouse
cerebellum. Representative results of ISH showing the gene-expression pat-
tern of identified genes in the PN 1 and 7 postnatal mouse cerebellum at low
power magnification (�40) are shown. (C, F, I, L, O, and R) The right-hand
column shows high-power magnification (�400) images of the EGL and
delineates the actively proliferating granule cells (from those that recently
have left the cell cycle) (Fig. 1A). The gene-expression pattern for the group
I genes cycD1 (A–C), BM28 (D–F), cdc20 (G–I), RanBP1 (J–L), and CKS2 (M–O)
indicated mRNA transcripts in the EGLa. In contrast, genes such as FKBP13
(P–R) did not show expression in PN 7 EGL.
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Thus, our custom AR method yields a 7-fold increase in
positive predictive value compared with SAM. We conclude that
our procedure, which incorporates experiment-specific noise
models, yields an increased specificity in the analysis of 3- and
24-h data sets. In practical terms, the method results in an
enhanced ability to identify genes with authentic expression in
the developing GCNP compartment.

Discussion
Functional genomic approaches attempting to elucidate mech-
anisms of normal development have been faced with the chal-
lenge of extracting useful information from data that is contam-
inated by many sources of noise. Primary or explant cultures are
inherently heterogeneous, and components of such cultures may
react differently to developmentally relevant signaling molecules
as reflected in distinct transcriptional responses. The surprising
finding that Shh affects predominantly a single cell type (GCNP)
may be a feature unique to the cerebellar granule culture system.
It is possible that this is a special case, albeit an important one,
because it does make the point that with the right biological
system a strong and specific stimulus for a specific cell type can
be discriminated.

The number of genes�ESTs we observed to be up-regulated at
both 3- and 24-h time points were an order of magnitude less than
those found to be implicated in cell cycle regulation in yeast (24).
However, our studies used complex heterogeneous cultures with
only a small fraction of cells responding to Shh. It therefore is not
surprising that many genes that may show significant up-regulation
in synchronous, homogeneous (unicellular) cultures may have been
masked in our studies. Further, the up-regulation of genes as
detected by microarray may come from two sources, namely (i) the
up-regulation of genes in a portion of the cells, e.g., a particular cell
type, or (ii) the increased proportion of cell types that express this
gene. In the 3-h Shh vs. control data, the first effect may dominate,
because the GCNPs have not yet begun to proliferate in Shh-treated
cultures. Thus, the up-regulation of the genes is likely reflective of
the cellular response to Shh. Conversely, in the 24-h Shh vs. control
data the second effect may play a larger part. This may explain why
only a small number of the ‘‘significant’’ genes found in 3- and 24-h
Shh experiments overlapped. We observed that the intersection of
these two differentially expressed gene sets enhanced the likelihood
of identifying genes with GCNP-specific expression. Interestingly,
we have extended our analysis to another type of cell in the
heterogeneous GCNP cultures. To identify genes expressed in
postmitotic granule cells, we analyzed the vehicle-treated cultures
at 3 and 24 h (i.e., conditions that promote cell-cycle exit). We found
over 300 genes that were correlated to expression of the mature
granule cell-specific marker, Zic1, including En2, LIM 1, P27,
GIRK1, and ID3, all known markers of the cerebellar internal

Fig. 4. Temporal analysis of candidate genes�EST expression by whole-
organ expression profiling of mouse neonatal cerebellum. (A) Graphical rep-
resentation of temporal regulation of the 10 of 12 genes from the training set
with confirmed expression in the cerebellar EGL (Table 1). Note that they show
a similar pattern comprising relatively high levels of expression at PN 3–7
relative to PN 15–30. (B) Temporal analysis of the remaining 2 of 12 genes
(Table 1) from the training set. (C and D) Pattern of temporal regulation of 18
additional genes tested (‘‘test set,’’ Table 1). Note that 8 of 10 genes (C)
displayed a similar pattern to genes in A. Conversely, HMG1 exhibited a late
peak at PN 15. Seven of nine genes (D) showed a nonspecific temporal pattern
of regulation. It should be noted that the failure to identify expression of
EST69 and FKBP13 could be because of technical reasons such as faulty probe
design or low endogenous levels of expression in vivo. x axis, duplicate
samples of mouse cerebella harvested at PNs 1, 3, 5, 7, 10, 15, 21, and 30 were
analyzed; y axis, absolute value of Avg Diff as reported by Affymetrix software
(scale set at 2,000).

Fig. 5. Sensitivity and specificity of using temporal gene-expression pattern
in silico to predict expression of candidate genes�EST in vivo. As shown, the
TRP results in an overall sensitivity of 80% and specificity of 88%. Assuming the
stochastic independence of the in situ confirmation outcome and the tempo-
ral gene regulatory pattern, a �2 test of the contingency table gives a prob-
ability (P � 0.01) that the association between confirmation and pattern is
insignificant.

Table 2. Validation of analytical methods by temporal
regulation profile

Analytical Methods

A
Total numbers of

genes�ESTs

B
TRP-EGL

C
(	) Predictive

value, %

3 h (AR method) 493 84 17

3 h (RA method) 890 135 15

3 h (SAM, 
 � 0.22 54.6%
FDR)

494 67 14

24 h (AR method) 475 111 23

24 h (RA method) 1214 211 17

24 h (SAM, 
 � 0.17 49.5%
FDR)

476 51 11

(3 	 24) h (AR method) 79 41 52

(3 	 24) h (RA method) 195 72 37

(3 	 24) h (SAM) 14 1 7

Column A shows the compilation of total genes identified using the AR
method at 3-, 24-, and 3 	 24-h time points. All results were screened against
the database of temporal gene regulation profiles and TRP	 genes with
appropriate temporal pattern are shown in column B. Column C shows the
positive predictive value (i.e., the percentage of validated genes). Note that
the percentage of validated genes increases by 2.2–3-fold when genes com-
mon to the 3- and 24-h data sets are selected. Moreover, compared to the
alternative RA and SAM methods, our custom AR procedure yielded a 1.4-fold
and �7-fold increase in positive predictive value, respectively.
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granule cell. Thus, with the proper experimental design it may be
possible to dissect out later stage-specific granule cell markers.

As has been observed (3), the heterogeneous nature of tissues
during development and the precise spatial restrictions on
gene-expression domains dictates confirmation of gene expres-
sion by ISH. Our studies differ from other recent expression
profiling studies in that we have emphasized achievement of
higher specificity. Such methodology should benefit biological
investigation by identifying genes with a relatively low false-
positive rate that are likely to have an appropriate pattern of
expression in vivo. Although our studies used three hybridiza-
tions (two interexperiment and two intra-experiment) for each
data point, enhanced specificity and sensitivity would be possible
with larger numbers of replicates. Nonetheless, for any given
number of replicates, our technique seems to improve specificity
for a given level of sensitivity compared with the standard ratio
calculation. By calculating the FDN from AR rather than the
typically used RA, we captured how the fold ratio was affected
by measurement variation. The AR allowed us to keep the
false-negative rate relatively low as evidenced by the results of
the ISH and temporal gene-expression studies.

The database of postnatal cerebellar gene expression seems to
provide a comprehensive source of information that can be used
to predict genes expressed in GCNPs as well as other developing
cerebellar cellular populations. However, because we have fo-
cused on confirmation of gene-expression patterns in candidates
regulated by Shh, we cannot rule out that bias may have been a
factor leading to the high sensitivity and specificity of our
knowledge-based TRP-EGL approach. The design of the TRP-
EGL is based on the known developmental behavior of granule
cell precursors, a largely transient population present in the first
postnatal week of life. Indeed, the TRP-EGL is highly effective
at identification of many other known EGL-specific genes
including Math1 (15) and HES1 (25). Future work will be
required to test the utility of using solely TRP-EGL as a means
of identifying genes with tissue-specific expression.

Hedgehog Pathway Effects During Development and Tumorigenesis.
We have used expression profiling with oligonucleotide microar-
rays to identify genes expressed in immature GCNPs maintained

by Shh. Scrutiny of 40 of 76 validated genes from the combined
3- and 24-h data sets (Table 2) revealed that they comprise
�90% proliferation-associated genes. This is consistent with the
fact that Shh is a mitogen with common effects on cell-cycle
progression at these time points (14). In addition, we observed
nonproliferation-associated genes in cultures treated with Shh
for 3 or 24 h. For instance, transcription factors comprised �10%
of total genes identified at individual 3- and 24-h time points;
these included the transcription factor Pax2, a paired-box protein
with known roles in mid-hindbrain and cerebellar development
(26), and Math1, a basic helix–loop–helix protein that is essential
for granule cell development (15), and the Shh transcriptional
target, Gli2 (12). Identification of transcription factors and
signaling molecules in the 3- and 24-h data sets may provide new
markers and candidate regulators of granule cell development.

Inappropriate activation of the Shh signaling pathway can pro-
mote development of medulloblastoma, a cerebellar tumor (27).
Previous work indicates that Shh promotes continued cell-cycle
progression in proliferating neural precursor cells by maintaining
expression of G1 cyclins (14). It is of interest that our analysis
identified a number of genes closely associated with cell-cycle
regulation that were induced as quickly as 3 h. Interestingly, N-myc
expression (Table 3; A.M.K. and D.H.R., unpublished observa-
tions) has been found recently in human medulloblastoma associ-
ated with Hedgehog pathway activation (28). Up-regulation of
proliferation-associated genes has been linked to various cancer cell
lines (29) and human malignancy (30). Thus, further analysis of the
identified genes�ESTs may shed further light on Hedgehog path-
way activation and tumorigenesis.
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