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Figure 3. The SOM generated from the Dnmt3F+ and UpDp microarray for proximal Chrs 7 and 11. Left and bottom: the map has eight layers, one layer
per comparative microarray experiment (2x Dnmt3//+ versus normal 8.5 dpc embryo; maternal versus paternal UpDp in 13.5 dpc embryo and placenta,
newborn brain, heart, liver and carcass). Hexagons correspond to SOM elements, i.e., clusters of similar differential expression profiles. The degree of
shading of a hexagon in a particular layer indicates the degree (log,-scale) and direction of differential expression that was observed on average for mem-
bers of the cluster in the experiment that corresponds to the layer. The superimposed turquoise or magenta hexagons mark clusters containing differential
expression profiles of known paternally or maternally expressed imprinted genes, respectively. Top-right: In this universal distance matrix visualisation of
the SOM,%231 hexagons have been labeled with known imprinted gene symbols. Ddc (blue) marks the cluster containing the paternally expressed heart-
specifically imprinted Dopa decarboxylase gene.4” Here, the degree of hexagon shading indicates how dissimilar the neighboring clusters are, which helps
to identify particularly distinct “super”~clusters like the region in the top-left corner of the map that contains Ddc and most of the other known paternally

expressed imprinted genes.

Chr 12 UpDp and Chr 18 UpDp and Dumit3F'* results. The
microarray measurements in matUpDp versus patUpDp samples for
DIk1, Gt/2 and Rian on Chr 12, and Impact on Chr 18 reflected their
known parent-of-origin-specific expression pattern (Fig. 2B-D).
The genome-wide expression data in Dnm#3t'+ embryos and G947
placentae provide a global view of the effects on transcription during
carly development of a lack of key epigenetic regulators. Reference 24
discusses the G947~ results in detail. Specifically for the Dde/ Grb10
locus, the Dnmt3H* results are discussed in ref. 47.

The mechanism by which a particular ICR regulates the
imprinted genes under its control differs in complexity between
distinct imprinted clusters, with “microimprinted” domains being
the most parsimonious cases.? In these cases, a CGI over or in close
proximity to a promoter serves as the ICR. The ICR is maternally
methylated with the direct effect of silencing the maternal allele
of the promoter. This model of regulation implies that failure to
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establish maternal methylation marks during oogenesis in Dnm3F"
females ought to reactivate the maternal allele of the affected
imprinted genes in Dumz3l’* offspring, leading to a roughly
two-fold increase of expression relative to wildtype controls. Our
microarray measurements were consistent with the model’s predic-
tion in nearly all cases (Mcts2, Mest, Peg3, Inpp5f v2, U2afl-rsl,
Slc38a4, Impact) of a known maternally methylated and promoter-
associated CGI ICR where the respective gene is not embedded
in a larger cluster (Fig. 2A). The exceptions were Nnar (only a
~35% increase in expression), Zacl (a more than 5-fold increase)
and Aér (inconsistent probe set-dependent results). However, the
observed silencing of Igf2r is consistent with the established model
of regulation at the Air/Igf2r locus.>

Of the larger clusters with maternally methylated ICRs, the
Kuvlgtl cluster behaved closest to expectations. While the probe
set for Kvlgtlas only detected a minor increase in expression, the
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observed downregulation/silencing of the other, maternally expressed
imprinted genes is broadly consistent with the model of silencing by
Kvlgtlas in cis.>?

The regulation of the Sgce/Pegl0 cluster has not been studied
in detail. A CGI overlapping the Peg/0 promoter and in close
proximity to the Sgce promoter was identified as the likely ICR.>*
Our results are consistent with a direct silencing effect of maternal
methylation on Sgee and Pegl0 and an indirect activating effect on
Neurabin and Asb4. Pon2 was only found to be imprinted in the
placenta so that its upregulation in Dnmz3t'* embryo (including
yolk sac) is unexpected.

The regulation of the Ube3a cluster is complex and incom-
pletely understood. It involves an ICR at the Snrpn promoter and
a large paternally expressed Ube3a antisense transcript that initi-
ates upstream of but also incorporates Sn7pn.°>¢ Only two of the
many paternally expressed genes in the cluster were significantly
upregulated in Dnmt3l'* embryo. The results for Ube3a, the
only maternally expressed gene, were inconsistent, depending on the
position of measurement within the gene.

A similar inconsistency was observed for Nespas in the Gnas
cluster. For Nesp, GnasX! and Gnas, only a single probe set in the
common 3' UTR is available that did not detect a change of tran-
script amounts in Dumt3l* embryo, likely due to the reciprocal
effects on these genes®’ that are normally expressed from different
parental alleles.”®

Paternally methylated ICRs regulate imprinting in the lgf2/H19
and Dlk1/Gt2 clusters, and at the Rasgrfl locus. The microarrays
did not detect Rasgrfl expression at the 8.5 dpc stage, precluding
comparisons between Dnmt3F* and wildtype embryos. In contrast,
gene expression in the [gf2/H19 and the Dlk1/Gt2 clusters was
readily detectable. Furthermore and contrary to expectations, expres-
sion levels differed between Dnmz3t'+ and wildtype embryos. The
effect on [gf2/H19 was a relatively mild (-20%) but consistent
upregulation of both the maternally and the paternally expressed
genes. DIkl responded with a more than two-fold increase in
expression, Rtllas increased by -40%, while the results for Gr2
and Rian were probe set-dependent. The ICR imprint and parent-
of-origin-specific expression are unchanged at Igf2/H19 in Dnmit31'*
embryos.?! and we assume that to be the case at DIk1/Gt2 as well.
Thus, we propose that the observed effects are instead due to changes
in the developmental progression of Dumt3F* versus wildtype
embryos and specifically, the action of Zacl within the network of
imprinted genes.®

Novel imprinted gene identification and false positives. We
previously quantified the relationship between sensitivity and false
positive rate for our expression microarray-based methodology of
identifying novel imprinted genes in mice carrying uniparental
duplications.?” In general, the abundance of a transcript in a sample
positively correlates with the accuracy of microarray measurements
of its quantity. For genes with overall low expression levels, the false
positive rate when identifying novel imprinted genes from compara-
tive microarray data is therefore higher than the averages calculated
in ref. 27. The different probe level analysis algorithms (MASS5,
PLIER etc.,) provide results on different scales that are not strictly
comparable. However, a practical rule with respect to the micro-
array data in WAMIDEX is to consider absolute measurements in
the low hundreds (linear scale) and expression ratios derived from
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two such measurements with scepticism. In these cases, corrobo-
rating measurements by other probe sets and/or from independent
experiments are crucial to avoid false positives.

Future additions to WAMIDEX. Currently, our collection of
microarray data on gene expression in UpDp mice covers Chrs 7,
11, 12 and 18, home to ~60% of all known murine imprinted genes.
We recently conducted additional microarray experiments that will
extend the covered portion of the genome to Chrs 2, 4, 6 and 9. An
additional set of expression microarray measurements in embryos
that lack maternal as well as paternal methylation imprint marks will
soon be made available too.

R.S., the corresponding author, is the main developer and curator
of the atlas, who invites suggestions for improvements, corrections
and contributions.

Methods

Previously described and deposited microarray experiments.
Sample preparation and array hybridization details for these experi-
ments (G9a”" placentae,?* various tissues of mice with UpDp’s
of Chrs 7 and 11, gynogenetic and androgenetic blastocysts,?®
oocytes’>33 and male germ cells?* at different stages of development)
are given in the referenced publications.

Dnmt3F'* microarray experiment. The majority of ICRs are
methylated on the maternally inherited allele. During oogenesis,
DNA methyltransferase 3-like (Dnmt3) is required for the establish-
ment of these methylation imprints.?! Dnm#3/-deficient dams were
crossed with wildtype sires to obtain Dnmz3l* embryos that lack
maternal methylation imprints.>! Total RNA from eight and six (two
distinct litters) 8.5 dpc Dnmit3F* embryos and their visceral yolk
sacs was pooled and gene expression assayed using Affymetrix 430
2.0 microarrays, constituting two biologically independent replicate
experiments. A single wildtype sample derived from six pooled 8.5
dpc embryos including their yolk sacs was assayed to provide a base-
line of expression. The microarray hybridisations were performed
according to the standard Affymetrix protocols, as described in
ref. 27. The raw array data are available from the Gene Expression
Omnibus (GEO) under accession number GSE8756.

UpDp of Chr 12 microarray experiment. This and the following
(UpDp of Chr 18) experiment are analogous in design to our
previous study of UpDp’s of Chrs 7 and 11.27 RNA probes were
made from single 15.5 dpc embryos and placentae with either
maternal or paternal UpDp of Chr 12.!% Embryo samples were
hybridised to 430A 2.0 arrays, while the U74v2 array set was used
for placental samples. The standard Affymetrix protocols were used,
as described in ref. 27. GEO accession number: GSE10081.

UpDp of Chr 18 microarray experiment. Total RNA was
extracted from pools of 8.5 dpc embryos (excluding yolk sacs) with
either maternal or paternal UpDp of Chr 18. The RNA was ampli-
fied using the RiboAmp RNA amplification kit (Arcturus) and
biotin-labelled with an Enzo labelling kit, according to the RiboAmp
manual. The samples were hybridised to 430 2.0 arrays according
to the standard Affymetrix protocols. GEO accession number:
GSE10085.

Microarray probe level analysis. For each of the above experi-
ments, all arrays of the same model were analysed together to yield
absolute expression values that are directly comparable across arrays.
The analysis was repeatedly and independently performed for each
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of four commonly used methods (GCOS/MAS5,% PLIER,3® GC-
RMA37 and RMA;*® ArrayAssist implementations with standard
parameters). While each method yields absolute values on a distinct
scale, derived expression ratios are comparable between methods
and ought to be similar (large discrepancies suggest an unreliable
measurement). For some studies, comparisons between two arrays
were carried out using the Affymetrix GCOS?® comparative gene
expression analysis feature to calculate change p-values and Signal
Log Ratios (SLRs). Change p-value weighted SLRs (vSLR and uSLR)
were computed as described in ref. 27. The online documentation for
each microarray browser track contains further details.

Microarray target sequence and probe alignments. The target
sequences of the Affymetrix expression microarray probe sets on the
430 2.0 array and the U74v2 array set were aligned to the mouse
genome (NCBI build 36) using BLAT:3? Exact matches of single
probes to the genome were determined using Perl where probes
spanning splice sites were identified based on the set of UCSC
Known Genes. %

Self-organizing map analysis. Matlab in conjunction with the
SOM toolbox*! was used for the similarity-based clustering of the
microarray data for UpDp’s of Chrs 7 and 11, and for the visualisa-
tion of the results. The process is documented in detail online.
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