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Engrailed transcription factors regulate survival, cell fate decisions and axon pathfinding in central neurons.
En-2 can also attenuate Purkinje cell (PC) maturation. Here, we use array analysis to scrutinize gene
expression in developing PCs overexpressing Engrailed-2 (L7En-2). The majority (70%) of regulated genes
was found down-regulated in L7En-2 cerebella, consistent with the known repressive function of Engrailed-
2. Differential gene expression, verified by in situ hybridization or Western blotting, was particularly evident
during the first postnatal week, when L7En-2 PCs display conspicuous deficits in dendritogenesis. Functional
classification revealed clusters of genes linked to vesicle formation and transport. Consistently, Golgi stacks
located at the axonal pole of wild type PC somata were rarely detected in L7En-2 PCs. In addition, long
continuous stretches of endoplasmic reticulum typically found around the axonal pole of wild type PCs were
less frequently observed in transgenic cells. Engrailed-2 might therefore orchestrate PC survival and process
formation as a regulator of subcellular organization.

Introduction

Engrailed (En) is a homeodomain-containing transcription factor
initially identified for its role in segmentation of the anteroposterior
body axis in Drosophila and mice (Morata and Lawrence, 1975; Millen
et al., 1994). Based on studies of midbrain dopaminergic neurons in
double mutants of the Engrailed homologues en-1 and en-2, these
genes have also been ascribed effects on neuronal survival (Alberi
et al., 2004) and cell fate decisions (Simon et al., 2005). Recent data
showed that, whereas en-1 plays a sustained role in tectal develop-
ment, En-2 expression is a major prerequisite for correct cerebellar

development (Sgaier et al., 2007). Overexpression of En-2 in late
embryonic and postnatal cerebellar Purkinje cells (PCs) of L7En-2
transgenic mice revealed that En-2 is important for the proper dif-
ferentiation of PCs, leading to smaller cell somata, a delayed arrange-
ment of PCs in their characteristic monolayer, and a smaller PC
dendritic tree (Jankowski et al., 2004). Whereas cell survival and cell
fate determination by En typically affects early development, the
morphogenetic activities of En observed in PCs are an example of its
regulation of terminal differentiation and morphogenesis. Actually,
PC-specific overexpression of En-2 obliterates an endogenous spatio-
temporal pattern of En-2 during the early post-mitotic maturation of
these cells which is critical not only to cellular morphogenesis, but
also to parasagittal compartmentation and organization of afferent
cortical innervations (Baader et al., 1999).

The quest for a mechanistic understanding of correct En-2 expres-
sion and function is also motivated by the findings that en-2 is a sus-
ceptibility gene for Autism Spectrum Disorders (ASD) (Benayed et al.,
2005; Gharani et al., 2004). Similar to the L7En-2 phenotype, cerebella

Abbreviations: ASD, Autism Spectrum Disorders; DEF, differential expression factor;
En-2, Engrailed-2; ER, endoplasmic reticulum; EST, expressed sequence tags; GC,
granule cell; P, postnatal day; PC, Purkinje cell.
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of ASD patients showed cell loss, abnormal neuronal differentiation,
and incorrect wiring of the cerebellar cortex (Ritvo et al., 1986;
Bauman and Kemper, 2005; Schaefer et al., 1996; Palmen et al., 2004;
Tabuchi et al., 2007).

Current mechanistic concepts of Engrailed function include a role
as a transcription factor in regulating a developmental genetic
program, and as a diffusible factor in regulating axonal wiring (Brunet
et al., 2005). In order to unravel biological processes which are as-
sociated with En-2 function in L7En-2 mice, we aimed to identify
differential gene expression in cerebella of L7En-2 as compared to
wild type mice and to cluster these genes into functional groups. Our
analysis, based on in situ hybridizations and array analysis, identified a
panel of genes previously linked to cell compartmentation. Electron
microscopical data showed that the amount of Golgi stacks and
cisternae of endoplasmic reticulum were locally reduced.

Results

Array hybridization and verification

In order to unravel cellular processes linked to the expression of
Engrailed-2 (En-2), we compared gene expression in cerebella of wild
type and L7En-2 transgenic mice during postnatal development. Even
though En-2 expression is specifically altered only in Purkinje cells
(PCs) of L7En-2 cerebella, we chose whole cerebella for our analysis.
Technically, this helps to avoid artifacts that might be associated with
PC isolation and sorting. Biologically, this approach holds the potential
to also identify genes regulated indirectly in cells other than the
primarily targeted PC neurons. Array analysis was performed using
cerebellar tissue prepared from newborn (P0), seven day old (P7) and
from adult (6 to 12month old) mice. These developmental time points
fall into periods when PC dendritogenesis and granule cell differ-
entiation is about to begin (P0), when PC dendritic differentiation and
synaptic integration of cerebellar neurons is prominent (P7), and
finally, when the cerebellar cortex is mature (adult).

Of 24960 genes represented in the array used, 9925 were
expressed in cerebellar tissue at P0. This proportion of expressed
genes persisted during the first postnatal week (9467 genes) and then
dropped to 7232 expressed genes which favourably compares with
data reported by Kagami and Furuichi (2001). We defined a gene to be
differentially expressed when it showed an at least two-fold change
(up or down) in spot intensity as compared to controls, in at least 3 of
the 4 replicate analyses made; moreover, the absolute difference in
spot intensity had to amount to at least 20 units which was the ave-
rage background intensity over all filters used (we refer to this
procedure as the standard method). Using these criteria, we found a
total of 133 genes regulated in L7En-2 as compared to wild type mice
at P0. Of these, only 6 were up-regulated, and 127 were down-
regulated in L7En-2 animals. At P7, of 9467 genes, 449 genes were
differentially expressed (325 down-, and 124 up-regulated). In adult
wild type and L7En-2 mice, the number of differentially expressed
genes dropped to 38 out of 7232 genes. The numbers of up- and down-
regulated genes were roughly equal (18 vs. 20, respectively) (see also
Table 1). Permutation testing (Landgrebe et al., 2002; Boer et al., 2001)

revealed that this preferred negative regulation is not an intrinsic
property of the array technique used but a result of prolonged En-2
expression. As En-2 is known to primarily act as a repressor of
transcription (Tolkunova et al., 1998), we thus conclude that the data
obtained by array analysis faithfully reflect differences in gene
expression between wild type and L7En-2 cerebella.

To follow up on these array data, we selected 10 genes (ap2a1, cck,
crmp5, mtss1, notch-1, pvalb, rac1, rhoB, strn, tspan5) which were
identified as differentially expressed, at least at some time points, in
array analysis, and which were known to be expressed in the
cerebellar cortex. The expression of these 10 genes was investigated
by in situ hybridization, PCR orWestern blotting, and the expression of
five of them (cck, mtss1, pvalb, strn, tspan5) was found to differ in
L7En-2 mice as compared to wild type mice.

Ten additional genes classified as not-regulated based on our array
analysis (aldoc, apoa4, cds-2, crmp1, epha4, pcp-2(L7), s100b, sema3a,
syp, vav2) were included in our further analysis. These genes had been
previously associated with En-2 function and/or can be presumed to
relate to the morphological phenotype of L7En-2 mice. Of these 10
genes, four (aldoc, epha4, pcp-2(L7), sema3a) were found to be
differentially expressed by in situ hybridization or Western blotting.
However, differential expression was either restricted to particular
regions of the cerebellar cortex (analyzed by in situ hybridization:
ephA4; see Suppl Fig. 1), or differences in expression were rather
faint (30%) (analyzed by Western blotting and immunohistochemis-
try: Aldoc, L7/pcp-2 ; Sanlioglu et al., 1998; by in situ hybridization:
sema3a, (Suppl Fig. 2)), and thus clearly below the rather stringent
cut-off of our standard selection procedure.

Intriguing genes found to be differentially expressed in L7En-2 and
wild type mice, either in array analysis or in known patterns of gene
expression, were cholecystokinin (cck), missing in metastasis 1
(mtss1), parvalbumin (pvalb), and tetraspanin-5 (tspan5). By array
analysis, cck was found highly expressed within the cerebellar cortex
throughout development. The ratio between L7En-2 and wild type
samples was among the lowest found by array analysis, and the data
were highly reproducible between different array experiments (see
Supplementary data, Tables 1–3). In the cerebella of P0 wild type
animals, cck mRNA was evidently localized within the PC layer of the
anterior lobe, showing a clear-cut border of gene expression at the
posterior side of the primary fissure right before the apex of the
central lobe (Fig. 1). At P7, a strong cck hybridization signal could be
observed in PCs with a rostrocaudal distribution as described for P0
animals. In adult wild type mice, expression extended more poster-
iorly, up to the anterior half of lobule IX. In contrast, in L7En-2mice, no
in situ hybridization signal could be observed at any time point. This
lack of signal was not due to regional differences of cck expression
along the mediolateral axis, since frontal sections revealed ubiquitous
expression, or lack thereof, along this axis, in wild type and L7En-2
animals, respectively. Mesencephalic ventricular regions showed
comparable hybridization signals in L7En-2 and wild type tissue
documenting comparable hybridization efficiency in both tissue
sections (arrows in Fig. 1).

Missing in Metastasis (mtss1/mim/beg4) is involved in cytoskeletal
arrangements, specifically in actin polymerization and bundling and

Table 1
Identified genes by array analysis

Age Repressed sum % Annotated Not annotated Activated sum % Annotated Not annotated Expressed % of 24,960

P0 127 1.28 60 67 6 0.06 4 2 9925 39.76
P7 325 3.43 177 148 124 1.31 71 53 9467 37.93
Ad 18 0.25 14 4 20 0.28 9 11 7232 28.97

The table summarizes the numbers of genes up- and down-regulated at the developmental time points investigated. Percentages are related to total numbers of expressed genes at a
distinct age. The number of regulated genes is highest at P7. At all time points, more genes are down- rather than up-regulated. The last column gives the ratio (percentage) of genes
found to be expressed relative to the total number of genes (24,960) represented on the array.
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has been implicated in cellular migration (Bompard et al., 2005; Lin
et al., 2005). Array analysis indicated thatmtss1mRNA expressionwas
down-regulated in L7En-2 animals around P7, but not in newborns or
in adults (Table 2). Consistently, mtss1 expression was found in PCs of
wild type cerebella throughout postnatal development, and it was
missing up to P7 in En-2 overexpressing PCs (Fig. 2). After P7, mtss1
signal in PCs of L7En-2 mice gradually increased to normal levels at
P15. A strong mtss1 signal was found in the internal granule cell layer
(IGL) up to P15, both in wild type and L7En-2 mice. In adult mice,
mtss1 mRNA could only be observed in wild type PCs, and to a lesser
degree in L7En-2 PCs. This clearly documents a PC-specific down-
regulation of mtss1 expression.

As reported previously, the calcium-binding protein Parvalbumin
and tetraspanin-5 mRNA are highly expressed within PCs and basket/
stellate neurons of the cerebellar cortex (Celio, 1990; Garcia-Frigola
et al., 2000). Both are down-regulated specifically in L7En-2 PCs
(Jankowski et al., 2004; Juenger et al., 2005) (see also Suppl Fig. 3).

In summary, from a total of 10 genes selected by array analysis and
further investigated in control experiments, the expression of five
genes was found to be different in L7En-2 as compared to wild type
mice. Taking into account that at least one and at most three time
points have been evaluated per gene, this sums up to a total of 21
comparisons among results of array analysis and control experiments.
13 comparisons gave consistent results in array analysis and control

Fig. 1. Expression of cholecystokinin (cck) mRNA in L7En-2 and wild type (wt) cerebella. In situ hybridizations were performed on cerebella of newborn (P0), seven day old (P7) and
adult (ad) mice. Anterior is to the left, posterior to the right in sagittal sections (upper three rows). The bottom row displays images of frontal sections. Abbreviations used are: ABL
anterobasal lobe, ADL anterodorsal lobe, CEL central lobe, POL posterior lobe. Roman numbers mark vermal lobules. The PC layer is marked by arrowheads. Arrows indicate the
midbrain area showing comparable staining intensity in both genotypes. Scale bars: 100 μm in all images.
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experiments (italicized values in Table 2). Among such 13 hits, seven
could be verified by in situ hybridization.

Clustering and annotation of differentially expressed genes

Beyond identification of individual genes differentially expressed
upon En-2 expression, the exposure of functional pathways provides
an additional perspective on the consequences and functional re-
alization of En-2 action. To followup on this, we clustered differentially
expressed genes according to their functional properties and extracted
clusters of genes showing disproportional changes of expression of
their constituent genes. In order to avoid bias, functional cluster as-
signment was done based on Gene Ontology (GO) Biological Process
terms (categories) (Ashburner et al., 2000). GO functional categories
significantly over-represented in the differentially expressed genes
were identified by the Genome Function INtegrated Discoverer
(GFINDer) software (Masseroli et al., 2004; Masseroli et al., 2005). A
list of these over-represented categories is given in Table 3. A detailed
list of all differentially expressed genes is provided in Supplementary
data Table 4.

Of the 15 over-represented functional categories (clusters) identi-
fied, those comprising genes related to subcellular localization were
most apparent, in terms of gene quantity and significance (Table 3). For
example, the cluster “protein localization” includes genes which are
engaged in vesicle trafficking between endosomes and Golgi stacks
and between the Golgi apparatus and the plasma membrane (rab
genes, snap, snx genes). This cluster also includes Spectrin beta 2
(spnb2), a cytoskeletal component important for membrane transport
and protein localization. A second group of differentially expressed
genes is associated with lipid metabolism. Membrane lipids are
prerequisites for the synthesis of new membranes and are therefore
important for neurite extension and retraction. It should not go un-
mentioned that we also identified a variety of gene clusters seemingly
not related to process outgrowth or any cellular process associated
with currently known En-2 functions. However, all of these seemingly

unrelated genes are expressed in wild type cerebella (data obtained
from Allen Brain Atlas at http://www.brainatlas.org/aba/), suggesting
some unknown role in cerebellar histogenesis.

Functional clustering of genes is predictably dependent on the set
of genes classified as differentially expressed. Various normalization
and analytical approaches may lead to sizable differences in genes so
identified, even in controlled replicate experiments (reviewed in
Quackenbush, 2001). One approach to address this issue has been to
select only those genes which are consistently identified in repeated
analysis (Fischer et al., 2005). Here, we defined a measure, the DEF
value (differential expression factor), which incorporates inter-array
variability to yield a summary measure for the stringency by which a
gene is judged as differentially expressed. In contrast, the standard
selection procedure focuses on genes with a predefined minimum of
expression, thus eliminating genes expressed at low levels; it also
implements a fixed level of inter-array concordance. Consequently,
applying the DEF criteria led to the consistent identification of a larger
set of genes as differentially regulated as would have been selected by
the standard procedure. Thus, only some 61% of the genes identified
by the DEF value at P7 were also found to be differentially expressed
by the standard selection procedure. This relation amounted to 62% in
newborn and 65% in adult mice.

Fig. 2. Expression of missing in metastasis (mtss1) mRNA in L7En-2 and wild type (wt)
cerebella. In situ hybridizations were performed on cerebella of newborn (P0), seven
day old (P7) and adult (ad) mice. Pictures were taken from sagittal sections where
anterior is to the left, and posterior to the right. Abbreviations used are: ABL anterobasal
lobe, ADL anterodorsal lobe, EGL external granule cell layer, IGL internal granule cell
layer. Roman numbers mark vermal lobules. The PC layer is marked by arrowheads.
Scale bars: 100 μm in all images.

Table 2
Verification of array results

Gene name P0 P7 Adult

ap2a1 +/− / 0.5/−1.0 +/− / 1.0/b0.1
cck −/ 0.5/−2.5 − / 0.6/−0.2 −/b0.1/−26.6
crmp5 +/− / 0.4/−2.3 +/− / 0.7/−0.3 +/− / 0.8/−0.1
mtss1 +/−/ 0.5/−1.2 −/ 0.1/−3.6 +/− / 0.8/−0.1
notch-1 +/− / 0.5/−1.0
Pvalb (pvalb) −/ 0.5/−2.1 +/− / 0.8/−1.0
rac1 +/− / 2.2/2.7
rhoB +/− /2.7/2.4
strn + / 2.7/7.0 + /1.5/1.5
tspan-5 +/− / 0.5/−0.8 −/ 0.2/−2.8 +/− / 0.9/−0.1
apoa4 +/− /1.2/b0.1
aldoc (Zebrin II) +/− / 0.8/−0.2 − / 0.8/−0.6
cds2 +/− /0.6/−1.0 +/− /0.6/−1.6
crmp1 +/− /1.0/b0.1 +/− /1.0/b0.1
ephA4 − / 0.8/−0.2
Pcp-2 (L7) − / 0.7/−0.7 +/− / 1.3/0.2
S100b +/− / 0.9/−b0.1
sema3a +/− / 1.1/b0.1 − / 1.0/b0.1 − / 0.8/−0.1
Synaptophysin +/− / 0.9/−0.1 +/− / 0.9/0.4 +/− /0.7/−0.5
vav2 +/− /0.9/−0.1

The table provides a list of genes whose expression was investigated by in situ
hybridization (small letters, italic) and/or Western blot (capital letter). Results are
classified as “+” if up-regulated in L7En-2 animals, “−” if down-regulated in L7En-2
animals, or “+/−” if not appreciably regulated. The first number describes the ratio of
expression levels in L7En-2 and wild type cerebella. Genes were considered regulated
when they differed by at least a factor of 2. Italicized data indicate that array results
could be confirmed. Verifiedmeasures derived from regulated genes aremarked in bold
letters. The last number is the DEF value for each gene investigated which provides a
measure for differential gene expression (for details, see Experimental methods). A
value above 2.0 and below −2.0 was used as the cut-off for cluster analysis experiments.
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As expected, the biological processes identified as first and fore-
most affected by En-2 overexpression differed somewhat, depending
on whether functional cluster analysis was applied to genes selected
by the standard procedure or by the DEF selection criteria. In the latter,
changes weremore significant in GO categories related to homeostasis
and metabolic processes. However, terms describing cellular differ-
entiation, maturation and subcellular protein localization were iden-
tified with both approaches, thus supporting the view that En-2
overexpression in cerebellar PCs substantially affects genes involved
in cellular transport and protein localization.

Altered ultrastructure of Purkinje cells expressing
Engrailed-2 postnatally

Since transport and localization of membranes and membrane
proteins are dependent on the Golgi apparatus and endoplasmic
reticulum, we compared the distribution and morphology of these

organelles in PCs derived fromwild type and transgenic L7En-2 mice.
We first chose nine day old animals because it could be shown that PCs
show a particular compartmentalized ultrastructure at this develop-
mental time point. Inwild type PCs, Golgi stacks could be foundwithin
somatic and dendritic compartments. Characteristically, additional
Golgi cisternaewere located at the axonal part of the cell soma close to
the nucleus (Fig. 3). These stacks could be observed in 75 out of 83
wild type PCs which were cut in a planewhere the nucleus spanned at
least 50% of the cell soma diameter (for more details see Experimental
methods). Whereas the dendritically localized Golgi apparatus was
also seen in L7En-2 PCs, Golgi stacks at the axonal pole of the somata
of these mutant cells were far less frequent (20 out of 75 PCs, Fig. 3E).
In addition, the length distribution of granular endoplasmic reticulum
segments was significantly shifted towards shorter ER segments in
L7En-2 as compared to wild type PCs (Fig. 3F, Wilcoxon signed rank
test, p=0.0104). These L7En-2 PCs with altered ultrastructural mor-
phologies did not show any characteristics of apoptotic cells. PCs of

Table 3
Annotation and clustering of differentially expressed genes according to their over-represented Gene Ontology Biological Process categories

Name Function P0 P7 Ad Name Function P0 P7 Ad

Ratio/DEF Ratio/DEF Ratio/DEF Ratio/DEF Ratio/DEF Ratio/DEF

Akap10 Protein localization b0.1/−3.5 Lpgat1 Lipid metabolism 0.5/−2.1
Arhgap17 Protein localization 0.5/−1.0 0.3/−10.1 Pla2g4a Lipid metabolism b0.1/−6–9
Cog3 Protein localization 3.2/2.4 Pnlip Lipid metabolism 0.1/−3.8
Ii Protein localization 3.8/2.8 Slc5a1 Lipid metabolism 0.4/−4.5
Napa Protein localization 0.5/−0.7 Arhgap17 Organization/biogenesis 0.5/−2.0 0.3/−10.1
Oxa1l Protein localization 0.3/−2.6 Epb4.1l2 Organization/biogenesis 0.6/−0.4
Rab22a Protein localization 0.2/−5.0 Epb4.1l3 Organization/biogenesis 0.5/−1.0
Rab32 Protein localization 2.6/2.6 Peci Organization/biogenesis 2.2/1.2
Rab35 Protein localization 2.0/6.0 Pex11a Organization/biogenesis 0.1/−3.8
Rhob Protein localization 2.7/2.4 Prkci Organization/biogenesis 0.5/−2.4
Scfd1 Protein localization 0.4/−3.6 Pxmp3 Organization/biogenesis 0.5/−1.9
Sfrs1 Protein localization 0.5/−5.0 Ddx5 Regulation of metabolism 0.3/−7.7
Snap23 Protein localization 2.5/4.9 Ebf1 Regulation of metabolism 0.3/−1.8
Snx10 Protein localization 0.1/−2.4 Kitl Regulation of metabolism 0.4/−1.6
Snx15 Protein localization 0.2/−2.0 Pparbp Regulation of metabolism 0.1/−4.0
Spnb2 Protein localization 0.4/−2.4 Rac1 Regulation of metabolism 2.2/2.7
Synj2bp Protein localization 0.2/−3.2 Skiip Regulation of metabolism 0.4/−1.8
Tmed7 Protein localization 0.2/−3.0 Smad5 Regulation of metabolism 0.4/−2.0
Tram1 Protein localization 0.3/−3.2 Ccl22 Response to external stimulus 0.5/−1.1
Vdp Protein localization 2.4/0.9 Chi3l3 Response to external stimulus 0.5/−1.4
Vps26 Protein localization 0.1/−4.7 Mtap1a Response to external stimulus 2.7/2.7
1810062O14Rik Localization 0.5/−1.5 Nfkbiz Response to external stimulus 0.5/−4.8
Ap2a1 Localization 0.5/1.0 Opn3 Response to external stimulus 0.2/−2.1
Ap2b1 Localization 3.7/2.5 4.0/3.7 Pde6d Response to external stimulus 2.9/2.3
Arhgap17 Localization 0.5/−1.0 Tlr7 Response to external stimulus 0.5/−1.3
Gga2 Localization 4.4/2.1 Actn2 Muscle contraction 3.1/5.3
Ghr Localization 0.5/−1.2 Ryr1 Muscle contraction 0.1/−7.1
Ndel1 Localization 0.5/−1.1 Tnni1 Muscle contraction b0.1/−11.3
Parp9 Localization 0.5/−1.1 Tnnt2 Muscle contraction 0.2/−3.6
Rab21 Localization 0.4/−1.4 Wdr21 Muscle contraction 0.1/−12.4
Slc25a17 Localization 0.5/−1.5 Ing1 Cell cycle 3.3/3.5
Slc30a6 Localization 0.4/−2.4 Nf2 Cell cycle 2.4/1.8
Snap23 Localization 2.5/4.9 Rhob Cell cycle 2.7/2.4
Timm23 Localization 0.5/−2.0 0.3/−10.1 Tusc4 Cell cycle 0.5/−0.9
Tmed5 Localization 0.6/−1.1 Cck Development b0.1/−26.6
0610009K11Rik Protein metabolism 0.3/−2.1 Meox2 Development 0.5/−0,9
3732413I11Rik Protein metabolism 0.5/−3.7 Msh6 Development 0.5/−1.5
Ankib1 Protein metabolism 0.5/−1.9 Six3 Development 0.5/−1.0
Ap2b1 Protein metabolism 3.7/2.5 4.0/3.7 AW742319 Signal transduction 0.5/−3.1
Fzr1 Protein metabolism 0.5/−2.0 Azi2 Signal transduction 0.3/−3.4
Gga2 Protein metabolism 4.4/2.1 Smad5 Signal transduction 0.4/−2.0
Nmt1 Protein metabolism 0.4/−1.8 Spnb2 Signal transduction 0.4/−2.4
Pml Protein metabolism 0.5/−1.4 Pparbp Hormone metabolism 0.1/−4.0
Sfrs1 Protein metabolism 0.5/−2.0 Ttr Hormone metabolism 0.4/−7.3
Wwp1 Protein metabolism 0.5/−1.4 Msh6 DNA metabolism 0.5/−1.5
Apoa4 Lipid metabolism 0.2/−7.3 Sfrs1 RNA metabolism 0.5/−2.0
Cds2 Lipid metabolism 0.6/−1.0 Clec2g Regulation of cell differentiation 0.5/−1.8
Lass4 Lipid metabolism b0.1/−13.7

Differentially expressed genes were selected by the standard procedure (ratio, abs. difference, and reproducibility). Gene Ontology Biological Process categories associated with, and
significantly over-represented in the differentially expressed genes were identified by using the GFINDer software. Depicted are the ratios of averaged expression values (meanL7En-2/
meanwt) andDEF values of the selected genes for each time point investigated. A detailed list of all differentially expressed genes and original data can be viewed in Supplementary Table 4.
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adult wild type and L7En-2 mice did not show differences in the
parameters described above, thus paralleling the time frame of dif-
ferential gene expression analysis.

Discussion

Here, we report changes of gene expression in the developing
cerebellum subsequent to the continued and forced expression of
Engrailed-2 (En-2) in Purkinje neurons beyond the stage of its phy-
siological transient expression in these cells. Our results show that the
delayed morphogenesis of En-2 overexpressing Purkinje cells (PCs)
goes along with conspicuous changes in the expression of genes func-
tional in cellular transport, membrane biogenesis and vesicular traf-
ficking. These changes in gene expression are paralleled by greatly
diminished Golgi stacks and morphologically altered endoplasmic
reticular cisternae at the axonal pole of L7En-2 PC somata. This sheds
light on the mechanistic basis how proper regulation of En-2 is
involved in fine-tuning terminal differentiation and morphogenesis.

Intracellular transport and sorting of vesicles are targeted by Engrailed-2
in cerebellar Purkinje cells

The present array analysis revealed high numbers of differentially
expressed genes, which are associatedwith intracellular transport and
sorting. Long distance transport and peripheral targeting of vesicles is
critically dependent on the cytoskeletal organization. Spectrin beta2,
identified here as down-regulated in En-2 overexpressing Purkinje
cells, forms protein scaffolds beneath the plasma membrane and
restricts transport to specialized membrane domains (Dubreuil,
2006). Similarly, Mtss1 regulates Cortactin and N-WASP-mediated
actin polymerization (Lin et al., 2005) and is localized to dendritic
spines (Mattila et al., 2007). In addition, Actinin 2 up-regulated in
L7En-2 cerebella interacts with actin filaments and postsynaptic
density proteins, and recruits glutamate receptors to dendritic spines
(Wyszynski et al., 1998). Intriguingly, the observation that several
cytoskeletal genes were regulated in L7En-2 mice is reminiscent of
findings that functionally similar genes are also affected by ablation of

Fig. 3. Ultrastructural alterations in L7En-2-positive PCs. Electronmicrographs (A–D) were obtained from PCs derived from nine day old pups of wild type (wt) and L7En-2 transgenic
mice. In all images, the axonal pole is towards the bottom, and the dendritic pole towards the top of the figure. Arrows indicate Golgi stacks, arrowheads granular endoplasmic
reticulum (ER) and asterisks the nuclei of PCs. Whereas Golgi stacks and long segments of ER cisternae are clearly visible inwt PCs, they aremissing or considerably shorter in L7En-2
PCs. Scale bars: 5 μm (A, B), 1 μm (C, D). The bar chart in E depicts higher numbers of PCs containing Golgi stacks at the axonal pole of the somata in wt as compared to L7En-2 mice.
The frequency plot (F) shows significantly shorter segment lengths of ER cisternae in L7En-2 PCs as compared to wt PCs.
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En homologues in mice and Drosophila. These include cytoskeleton-
associated genes such as polyhomeotic (Serrano et al., 1995), ß3-
tubulin (Serrano et al., 1997), map1b (Montesinos et al., 2001), con-
nectin/neuroglian (Siegler and Jia, 1999), and bpag1 (Mainguy et al.,
1999). Yet while the actual set of regulated genes is different – most
probable due to the different spatio-temporal alterations of En-2
expression induced in both genotypes –, both gene sets can be func-
tionally linked to cellular morphogenesis.

Evenbefore transport and targeting, vesicle formationandmaturation
is critical for cellular morphogenesis. In this context, it is noteworthy that
several genes impinging on these processes are regulated in L7En-2mice,
including tmed5 and vps26, as well as tram1. This suggests that the
formation of secreted proteins and the endoplasmic reticulum-to-Golgi
transport is reduced in these mice. Conversely, cog3was found to be up-
regulated in L7En-2 mice. As Cog complex proteins are needed for the
integrity and dynamics of the Golgi complex (e.g., (Shestakova et al.,
2007) and references therein), this is another indication that En-2
overexpression interferes with intracellular transport. Intriguingly, this
goesalongwithaconspicuous absenceofGolgi apparatus fromtheaxonal
pole of L7En-2 PCs. We currently do not knowwhether this reflects local
instability or intracellular redistribution of this structure.

The overall changes in gene expression following En-2 overex-
pression just discussed are consistent with the view that the ge-
neration of vesicles from the Golgi might be increased. In contrast,
expression of genes related to endocytosis such as spectrin beta2, sy-
naptojanin binding protein and ap2 adaptor protein (Zhang et al., 1994;
Hayes et al., 2000; Mani et al., 2007) were all found down-regulated.
Similarly, the transport back to the trans-Golgi-network might be
hindered in L7En-2 PCs since expression of genes involved in these
processes, gga2 and rab21 (Black and Pelham, 2000; Simpson et al.,
2004) were found to be reduced following En-2 overexpression.
Finally, genes involved in recycling of endocytic vesicles (rab22a,
snx10 and snx15; Magadan et al., 2006; Qin et al., 2006; Phillips et al.,
2001) were also reduced in expression. Taken together, the set of
differentially expressed genes following En-2 overexpression pinpoint
to a dysregulation of vesicle formation, maturation and sorting; such
interpretation is fully consistent with the morphologically observed
changes in L7En-2 PCs, from the conspicuous absence of the Golgi
apparatus from the axonal pole, to the delayed and reduced den-
dritogenesis in these cells (Jankowski et al., 2004).

Intriguingly, it has been shown that limiting membrane transport
has not only a general and indiscriminate effect on process formation,
but that limiting the ER-to-Golgi transport may specifically affect
membrane supply to dendrites, whereas axon growth was not affected
(Ye et al., 2007). Such a differential effect on axon and dendrite
development is also obvious in L7En-2 mice, which display a delayed
dendritic development, but inwhich axon growth and regeneration are
unaffected (Jankowski et al., 2004 and unpublished observations).
Further support for a dendrite specific effect of En-2 overexpression
comes from our observation that Rho-family GTPases rhoB, rab22a,
rab32, and rab35 were identified as differentially expressed in L7En-2
mice. The functionally related dar genes in Drosophila, and the homo-
logues rab1, sar1, and sec23 were identified as important regulators of
dendritic development (Ye et al., 2007). In addition, clathrin mediated
endocytosis which seems to be affected in L7En-2 cerebella is required
for basolateral protein transport, but does not affect polarity of apical
proteins (Deborde et al., 2008). The down-regulation of secretion-
associated genes arhgap17 and napa that function in vesicle fusionwith
theplasmamembrane (Harada et al., 2000;Chaeet al., 2004) should also
affect dendritogenesis, which is secretion-dependent (Ye et al., 2007).
Thus, the cellular and systemic phenotypes observed following mani-
pulation of En-2 expression can now be related to a set of effector genes
involved in directed transport and localization.

Besides cytoskeletal genes and genes related to protein localization
and cellular transport, we also found genes related to lipidmetabolism
distinctly regulated following En-2 overexpression. The synthesis of

membrane constituents such as sphingolipids or lysophosphatidic
acid and their transport are essential for survival of cells and their
dysfunction can cause apoptotic cell death (Futerman et al., 1998;
Cooper et al., 2006). Consistently, PC degeneration mutants show
abnormal inclusions and organelles within PC somata (Landis and
Mullen, 1978) and express endoplasmic reticulum-stress-related fac-
tors (Kyuhou et al., 2006; Zhao et al., 2005). This may help to ratio-
nalize the morphological phenotype observed in cerebella of mice
overexpressing En-2 in PCs, which is characterized not only by a
delayed and runted morphogenesis (Jankowski et al., 2004), but also
by PC death (Baader et al., 1998) and changes in cellular compart-
mentation and localization of membranous structures.

If we consider En-2 as a regulator of transport and localization in
cerebellar PCs, what then is its physiological function during PC
development? Based on our data, we propose that En-2 is involved in
down-regulating organelle transport directed towards the dendritic
pole of the soma which, in normal PCs, is expected to happen
prenatally. Subsequent to the physiological shut-down of En-2 ex-
pression in PCs shortly after birth, dendrites start to develop. Thus, En-
2 might function as a repressor for dendritogenesis, which is active
during the axonal growth phase. Consistent with this view, over-
expression of En-2 led to a reduction in dendritically oriented trans-
port and thus reduced dendritogenesis. The selective lack of Golgi
stacks at the axonal pole of L7En-2 PCs is also in keepingwith this view,
given that this organelle is known to be localized opposite to the place
of the current process outgrowth (Dvorak and Bucek,1970). In contrast
tomany other developmental control genes that activate transcription
factor cascades, we only rarely could detect transcription factors in the
list of genes associated with significantly over-represented functional
categories in L7En-2 cerebella. This is consistent with the concept of
En-2 not directly actingon the transcriptionmachinery, but lying at the
cusp between development and cell physiology.

Cholecystokinin as a link between Engrailed-2 signaling and oxytocin
metabolism

En-2 has previously been identified as a potential susceptibility gene
for ASD (Benayed et al., 2005). In this respect, ourfinding that cck is down-
regulated in L7En-2 mice is of major interest. Cck is expressed in various
regions of the central nervous system, has neuromodulatory effects and
impacts on dopamine-mediated behavior (Crawley et al., 1985). In the
hypothalamic–pituitary system, Cck can induce oxytocin release (Bondy
et al., 1989; Hashimoto et al., 2005), and oxytocin metabolism is strongly
associatedwith ASD (Green et al., 2001;Modahl et al.,1998). Consistently,
mice lacking the oxytocin gene have profound deficits in social processing
and social recognition, as do rats lacking vasopressin or mice lacking the
vasopressin V1a receptor (v1aR) (Lim et al., 2005; Winslow and Insel,
2002; Ferguson et al., 2000). The effect of En-2 on cck expression provides
a first inroad to explain how En-2 might impinge on behavior. Based on
expression profiles of normal brain, the amygdala is an interesting region
where this pathway can be operative. The amygdala co-expresses
Engrailed, the oxytocin receptor, and Cck (Kuemerle et al., 2006; Huber
et al., 2005; Mascagni and McDonald, 2003), and it is considered to be
strongly involved in ASD (Schulkin, 2007).

Experimental methods

Animal care

L7En-2 mice (Baader et al., 1998) used for this study were handled in strict ad-
herence to local governmental and institutional animal care regulations. Animals were
generated and kept in a FVB/N background (Taconic).

Array analysis

WeusedTrizol (Invitrogen) to obtain 380 μg of total RNA from43 cerebella of newborn
wild type (wt) animals and 370 μg from 46 cerebella of newborn PCR-genotyped L7En-2
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mice. The following amounts of total RNAwere obtained fromolder animals: 1217 μg from
10 P7wt cerebella; 1455 μg from 14 P7 L7En-2 cerebella; 710 μg from 6 adult wt cerebella;
394 μg from6 adult L7En-2 cerebella. Before preparing poly(A)+-mRNA from the total RNA
using Dynabeads (Invitrogen), the quality of the total RNA was checked using an Agilent
bioanalyzer (Agilent Technologies). Four hundred nanograms of themRNAwas then used
for reverse transcription and the following hybridization procedure. To produce labeled
cDNA 400 ng of poly(A)+ RNA was mixed with 0.5 μg dTV primer (anchored dT18) in a
volume of 10.5 μl, heated 10 min (70 °C) and cooled on ice. For the following reverse
transcription (2 h at 37 °C) 20 U RNasin (Promega), 5.0 μl 5× first strand buffer, 2.5 μl 0.1 M
DTT, 0.5 μl 20mMdGTP, dATP, dTTP, 5.0 μl [alpha-33P] dCTP (10 μCi/ul), and 1 μl Superscript
II RT (Invitrogen)were added.Hydrolysis ofRNAwasperformedwith 1μl 0.5MEDTAatpH
8.0,1 μl 10% SDS, 3 μl 3 N NaOH at 68 °C for 30min. Afterwards, the probewas neutralized
with 1 μl 1 M Tris HCl at pH 8.0 and 3 μl 2 N HCl at room temperature. The probe was
cleanedusing a S-300 column (GEHealthcare), heated to 100 °C for 5min andplacedon ice
until hybridization.

Whole-genome analyses were performed on the Mouse Unigene Set RZPD 1 cDNA
macro-array. It contained 24,960 PCR fragments made from cDNA clones, spotted in
duplicates on a22×22 cm nylon membrane. For hybridization, filter membranes were
prehybridized in 1× Denhardt's hybridizationmix (6× SSC, 5× Denhardt's solution, 0.25%
SDS, 0.5 μg/ml Cot-1 DNA (Invitrogen), 0.5 μg/ml (dA)40 oligonucleotide) at 65 °C for
2 h. The labeled cDNA sample was added to the prehybridization solution and the filter
membranes hybridized at 65 °C for 20 to 24 h. Washing was done at 65 °C with 1×SSC,
0.1% SDS at 65 °C (20 min), twice in 0.3×SSC and 0.1% SDS for 10 min and finally in
0.1×SSC and 0.1% SDS for 10 min. After covering with saran wrap, filter membranes
were exposed to a PhosphorImager screen for 20 to 24 h. The screenwas analyzed using
a Fuji FLA3000 PhosphorImager. Data analysis was performed with the commercial
software package AIDA Metrix V3.21 2002 (Raytest) and Microsoft Access.

The following procedures were used to analyze filter membrane images. First, a
user-defined template was created which contains a grid of circles surrounding each
dot on the filter membrane. Each circle was assigned with an identifier attributed to a
distinct cDNA clone. Thereby, the localization of identical cDNA clones could be
identified. Finally, the obtained grid was laid over the filter membrane images and fine
tuning of grid adjustment was done manually. In a next step, the gray values for each
circle were measured by the AIDA Metrix program, and the spot intensity was
calculated by integrating the photo stimulated luminescence obtained. From the
resulting spot intensities, background had to be subtracted. Since background inten-
sities were not homogeneously distributed over the filter membrane, “empty” spots
(array positions containing Arabidopsis MTP cDNA) located in each set of 25 spots were
used to obtain a local value for background intensity (Beissbarth et al., 2000). The
background subtractionwas performed using theweighted background dot subtraction
method of the AIDA program. Thereby, the influence of each background dot on any dot
is weighted by the distance between those dots. Values of the background dots were
thus set to zero. In order to exclude differences in dot intensities based on experimental
conditions such as different labeling rates, hybridization efficiencies or filter membrane
variations, data were normalized using the global reference dot option. This
mathematical procedure refers the intensities of all background corrected spots to
the mean value of all spots. After normalization, all intensity values less than 1 were set
to 1 in order to avoid divisions by zero during the following mathematical procedures
(Mutch et al., 2002). The complete list of genes after background subtraction and
normalization is presented as supplement material (Supplementary Tables 1–3).

In order to compare Array results to other sets of experiments already published,
we followed the MIAME standards (Brazma et al., 2001) and the standards described by
Yang and Speed (2002).

In this work, we used two ways of selecting differentially expressed genes: one is
based on the repetitive occurrence of ratio values considered to be suitable, the other
method is a mathematical approach combining all array information obtained for one
clone. The first method, here called standard procedure, selects clones as differentially
expressed in wild type (master) and L7En-2 (client) mice (i) if the ratio (client/master)
was at least 2 or at most 0.5, (ii) if the same trend of the ratio could be observed in at
least 3 out of 4 compared data points, and (iii) if the absolute difference in expression
was at least 20 (Sato et al., 2005). The selection method was programmed in standard
query language (SQL) and the queries were implemented into Microsoft Access.

Although this approach is easy to use and often applied, it neglects variance and
absolute expression levels. To obtain a numerical estimate of gene expression which
incorporates these aspects, we used a formula similar to Tusher et al., 2001.

DEF ið Þ ¼ log 2
P
C ið Þ=PM ið Þ

� � jPC ið Þ �PM ið Þjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SC ið Þ
� �2þ SM ið Þ

� �2q
:

The absolute difference is given as C−M (C client, M master), the ratio by C/M for
each clone i. S is the standard deviation. Since low expression values (b20) were ignored
in this study, we did neglect the fact that low expression values goes parallel with low
standard deviation andwould therefore result in high DEF values. In order to emphasize
the ratio aspect, we adapted the procedure of Yang and Speed (2002) which used the
log2 (ratio).

In order to functionally annotate genes and reveal functional gene clusters, the
GFINDer software (http://www.bioinformatics.polimi.it/GFINDer/) was used (Masseroli
et al., 2004; Masseroli et al., 2005). This software allows the upload of genes from array
analysis and the identification of significantly over-represented controlled annotation
terms in the uploaded gene datasets. Functional cluster analysis was performed con-
sidering the Biological Process annotation categories of the Gene Ontology Consortium
(Ashburner et al., 2000) as of June, 2007.

In situ hybridization

In situ hybridization was performed on paraffin embedded sections using DIG
labeled RNA probes according to a protocol described previously (Juenger et al., 2005).
DIG-tagged riboprobes specific for parvalbumin were prepared from plasmids. For
parvalbumin, 240 bp of the rat parvalbumin cDNA (nucleotide 73–319 bp of accession
number NM_022499) was inserted into pGEM3/f+. Antisense RNA was produced by
linearizing the plasmid with HindIII and synthesizing the RNA using T7 RNA poly-
merase; sense probe was synthesized from an EcoRI-linearized plasmid using SP6 RNA
polymerase. Probes for cck andmtss1were prepared from a PCR amplified DNA flanked
by T7 and T3 sequences on either side. Primers used can be obtained from the authors.
In vitro transcription was performed according to Roche. RNA riboprobes were hybri-
dized to deparaffinized sections and bound RNA probes visualized by alkaline phos-
phatasemediated NBT/BCIP conversion. Photographs were taken on an Axioskop 2MOT
Zeiss Microscope (Zeiss, Jena, Germany).

Transmission electron microscopy

Nine day old mice were transcardially perfused with Ringer's solution and a fixative
containing 3% glutaraldehyde and 3% paraformaldehyde in PBS. Dissected cerebella
were immersion fixed in the same fixative for 3 h and trimmed to sections of 600–
1000 μm thickness using a Leica VT1000S vibratome (Leica, Wetzlar, Germany). These
sections were postfixed in 1% PBS-buffered osmium tetroxide for 1 h. After dehydration
in graded ethanol solutions and propylene oxide, the specimens were embedded in
araldite. Series of semithin sections (1 μm) were cut from the midline towards roughly
100 μm laterally. The sections were stained with toluidine blue/pyronine. Selected
semithin sections at least 10 μm apart were re-embedded for subsequent thin sec-
tioning (Miething, 2005). All thin sections (60–70 nm) evaluated were derived from
different regions, but all within the anterior lobe next to fissures II to V. This way, we
made sure that each section covered a different set of PCs, and that selected regions
were comparable between wild type and L7En-2 cerebella. Thin sections were stained
with uranyl acetate and lead citrate. For quantitative analysis, thin sections were
screened for the appearance of Golgi stacks in PCs cut at a level such that the nucleus
spanned more than 50% of the cell soma diameter. A Golgi stack was defined by at least
two Golgi like cisternae in close proximity to each other. In total, we analyzed 83 wild
type PCs and 75 L7En-2 PCs. The length of the granular endoplasmic reticulum (ER) was
measured using the PlugIn “NeuronJ” of ImageJ. Granular ER was considered a clearly
visible membrane cisterna which was covered at least in part by ribosomes. By using
these criteria only fragments longer than 100 nm could be clearly identified as granular
ER. This might be a reason why the frequency plot showed no or low numbers of ER
segments up to 200 nm in length. A total of 743 ER cisternae inwild type PCs and 504 ER
cisternae in L7En-2 PCs were analyzed. Differences in the frequency of ER segments
were statistically evaluated using the Wilcoxon signed rank test (R statistic software).
Ultrastructural data were derived from two mice of each genotype.
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