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Abstract

Imprinted genes are expressed monoallelically because one of the two copies is silenced
epigentically in a parent-of-origin pattern. This pattern of expression is controlled by differential
marking of parental alleles by DNA methylation and chromatin modifications, including both
suppressive and permissive histone acetylation and methylation. Suppressive histone
modifications mark silenced alleles of imprinted genes, while permissive histone modifications
mark the active alleles, suggesting the possibility that imprinted genes would show upregulation in
gene expression. However, it is currently unknown whether imprinted genes show such
upregulation. To address this question in mice, we estimated the intensity of expression of 59
genes relative to the rest of the genome by analyzing microarray data. Expression levels of 24
genes were validated using quantitative real-time PCR (qPCR). Expression of imprinted genes was
found to be upreguled in various adult and embryonic mouse tissues. Consistent with their
functions in growth and development, imprinted genes were found to be highly expressed in
extraembryonic tissues and progressively upregulated during early embryonic development. In
conclusion, upregulation of imprinted genes found in this study is similar to the dosage
compensation (twofold upregulation) recently reported for X-linked genes. It has been proposed
that the twofold upregulation of X-linked genes has been coupled with low transcriptional
variation (noise) which could lead to deleterious effects on the organism. Results of this study
suggest a general need for imprinted genes in the mouse to be upregulated to certain levels in
order to avoid deleterious effects of variation in gene expression.
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Introduction

Genomic imprinting is a parent-of-origin-specific monoallelic expression of a subset of
genes in placental mammals; some genes are maternally expressed while others are
paternally expressed. A growing list of approximately 80 imprinted genes—belonging to
gene families with different biological functions—have been identified in humans and mice.
1 Manipulation of copy number of murine imprinted genes has provided compelling
evidence that these genes control growth and development in a dose-dependent manner and
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that their aberrant expression is associated with defects in development, growth and
behavior.2°4 Similarly, disrupting the balanced expression of human imprinted genes results
in a broad spectrum of diseases such as Angelman, Prader-Willi and Beckwith-Wiedeman
syndromes, and cancers (reviewed in refs. 577). For example, overexpression of the insulin-
like growth factor 2 (IGF2) gene and reduced expression of H19 have been reported to be
associated with Wilms’ tumor, adrenocortical carcinoma, and rhabdomyosarcoma.®
Paternally expressed gene 10 (PEG10) has been reported to be highly expressed in B-cell
chronic leukemia patients.? Also, delta-like 1 homolog (Drosophila) (DLK1) has been
reported to be upregulated in human hepatocellular carcinoma cell lines implying a possible
role of this gene in the oncogenesis of this tumor.10

X-linked genes are also monoallelically expressed and epigenetically controlled in placental
mammals. Furthermore, several structural and functional characteristics are common
between imprinted and X-linked genes, which have led to the suggestion that they are
evolutionarily linked.11 X-linked gene expression is dose-dependent, and disruption of
normal expression is associated with different human diseases including cancers.12:13 For
example, skewed X chromosome inactivation has been shown to have significant
associations with both breast and ovarian cancers in humans.14

The two alleles of imprinted genes and those of X-linked genes are differentially marked by
DNA methylation and histone (H) modifications.11:15:16 Interestingly, imprinted genes
show not only repressive histone modifications, but active histone modifications as well.
16-17 For instance, it has been demonstrated that trimethylation at histone H3 lysine 4
(H3K4me3; active histone mark) and trimethylation at histone H3 lysine 9 (H3K9me3;
repressive histone mark) overlap at imprinting control regions and secondary differentially
methylated regions of imprinted genes.16 Furthermore, imprinted genes show allele-specific
histone modification patterns; inactive alleles are bound by suppressive modifications,
including H3K9me3, while expressed alleles are associated with active histone
modifications, including H3K4me2, H3K4me3, acetylated histone H3 (H3ac) and H4ac.17
Similar to imprinted genes, monoallelically-expressed X-linked genes also show active
histone modifications. For example, using chromatin immunoprecipitation (ChIP) to
quantify H3K4me?2 status (active histone mark) of X-linked and autosomal genes, Rougeulle
et al.18 reported that X-linked genes and imprinted genes are distinguished from most
autosomal genes by their promoters’ enrichment of H3K4me2.

It has been demonstrated that suppressive histone modifications are involved in allelic
silencing of imprinted genes.19:20 However, it is currently unknown whether imprinted
genes are normally upregulated. Nevertheless, consistent with this notion, recent studies
have demonstrated that the expression of X-linked genes relative to that of autosomal genes
(biallelic expression), in both male and female, is globally upregulated at least twofold in
various cells and tissues of placental mammals, including humans and mice.1-23

Taken together, it is appealing to hypothesize that—similar to X-linked genes—imprinted
genes show global upregulation relative to the rest of the genome. To test this hypothesis,
we analyzed the intensity of expression of imprinted genes relative to the average level of
gene expression of the rest of the genome in embryonic and adult mouse tissues. Microarray
data of expression of imprinted and nonimprinted genes were retrieved and analyzed, then
gPCR was performed to confirm microarray results. Imprinted genes were considered
upregulated if their expression relative to control genes was higher than 0.5 (equivalent to -1
on the log base 2 scale (log2)). In this study, we report that imprinted genes show global
upregulation of their expression in various adult and embryonic mouse tissues.
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Results and Discussion

The expression profiles of 36,182 transcripts for 29 adult and embryonic mouse tissues were
obtained from a publicly available microarray data set.24 This microarray data set represents
the global gene expression of mixed samples (four males and three females) from different
adult (10-to-12-week old) C57BL/6 mouse tissues. A total of 58 different Affymetrix slides
were analyzed in this study. The log2 transformed data followed a normal distribution. Out
of the 80 known imprinted genes, the intensity of expression of 59 (~73%) genes was
investigated in this experiment. The mean expression ratios of imprinted/nonimprinted genes
indicated upregulation of imprinted genes in most adult mouse tissues with remarkable
upregulation in kidney, placenta and umbilical cord (Fig. 1A). The overall average of
imprinted/nonimprinted gene expression ratios was log2 = 0.63, with various tissues
exceeding the null hypothesis of log2 = -1 (~linear 0.5), indicating that expression of
imprinted genes is upregulated at least twofold (Fig. 1A).

While some genes are imprinted across different tissue types,2® others are imprinted in a
tissue-specific as well as a development-specific manner.26 To investigate the variation of
expression among different tissue types at the same developmental stage, we performed a
student's t-test on the microarray data set. No significant differences were found among
tissues, in spite of apparent tissue-to-tissue expression variation (Fig. 1A). To study the
expression of imprinted genes throughout fertilization and early embryonic development, we
analyzed the expression level of these genes before fertilization and through day 10.5 of
embryonic development using microarray data. After fertilization, imprinted genes show
progressive upregulation until they reach a plateau at day 8.5 of development (Fig. 1B). It is
known that embryonic development and growth in placental mammals is controlled, in part,
by imprinted genes.2: In addition, accelerated growth in placental mammals takes place at
very early developmental stages,2” and then slows down postnatally.28 Using microarray
and real-time PCR approaches?%:30 demonstrated that expression of many imprinted genes
that regulate fetal growth show postnatal downregulation in different mouse organs. In
contrast, our finding suggests that progressive upregulation of imprinted genes could be
explained by the involvement of these genes in embryonic growth at very early stages of
fetal development.

Microarray data were also used to choose internal control genes for validation of
upregulation results in the gPCR experiments. The use of suitable internal control genes is a
key factor in reliable estimates of relative gene expression in qPCR experiments.31 Our
approach was to select internal control genes that represent the average global expression of
all nonimprinted genes across various tissue types. After ranking all genes in the microarray
data set based on their expression values (see Methods), a total of seven genes were selected
because their expression levels were close to the average of all nonimprinted genes. After
analysis of the seven control genes using qPCR, we chose AU042671 and Cry2 genes as
internal controls because their expression across various tissues was the most consistent
compared to all other genes.

To confirm the microarray results and to further investigate the upregulation of imprinted
genes during embryonic development, the expression of 24 imprinted genes in various tissue
types obtained from two developmental stages was analyzed using gPCR. Whole embryo,
yolk sac, umbilical cord and placenta were collected from 10.5-dpc conceptuses. Brain,
liver, heart, umbilical cord, trophectoderm and gonads were collected from 14.5-dpc
conceptuses. RNA was extracted from each tissue and the expression of the 24 imprinted
and the two control genes was analyzed by gPCR. The imprinted/AU042671 expression
ratios were plotted against the imprinted/Cry2 expression ratios for all examined tissues. For
tissues of both 10.5 dpc (Fig. 2A) and 14.5 dpc (Fig. 2B), there was a clear linear
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relationship between the two internal control genes with correlations (r) of 0.946 for 10.5-
dpc conceptuses and 0.935 for 14.5-dpc conceptuses. Consequently, the calculated values
relative to AU042671 and to Cry2, were averaged for each imprinted gene in the successive
experiments. Expression values of the 24 imprinted genes relative to the two control genes
(AU042671 and Cry2) in 10.5-dpc and 14.5-dpc mouse conceptuses, using qPCR, are shown
in Tables 1 and 2, and Supplementary Table 1. Expression ratios of ~70% of the examined
imprinted genes were above the -1.0 value (loge2 scale; 0.5 linear scale) that would be
expected if the imprinted gene does not show upregulation relative to the control genes.
With the exception of 1gf2, which was highly expressed in 10.5-dpc conceptuses, expression
ratios were scattered over a range of approximately 270 folds across the investigated tissues
of the two developmental stages. Expression levels of X-linked genes relative to that of
autosomal genes (X/A ratio; log, scale) have been reported to vary over a large fold range
(200 folds) in mouse embryonic stem cells as well, of which X-linked genes show dosage
compensation.32

The gPCR analysis revealed that imprinted genes showed overall upregulation in whole
embryo, placenta, umbilical cord and yolk sac tissues of 10.5-dpc conceptuses (Fig. 3A;
Table 1) and in gonads, heart, trophectoderm and umbilical cord of 14.5-dpc conceptuses
(Fig. 3B; Table 2; Suppl. Table 1). In contrast, overall upregulation was not as prominent in
brain or in liver tissues at 14.5 dpc, although expression levels of the majority of the
imprinted genes in these tissues were above the -1.0 value (loge2 scale; 0.5 linear scale)
(Fig. 3B; Table 2; Suppl. Table 1). Proliferation rate and maturity time are different for
different organs.33 Also, genomic imprinting is involved in coordinating embryonic growth
in order to maintain body proportions.3 Collectively, the need for expression of imprinted
genes should be different in different organs, which is consistent with our results. For
example, the high expression of imprinted genes observed in extraembryonic tissues could
be due to the need to maintain a healthy and functional placenta during fetal growth and
development. Thus, the gPCR results confirmed those of the microarray. There were no
statistically significant differences of imprinted/control expression ratios between males and
females.

Maternally- and paternally-expressed genes could function differently in embryonic and
extraembryonic tissues.34-36 For example, as demonstrated by chimeric studies, the paternal
genome is more involved in the development of the hypothalamus, while the maternal
genome is more involved in the development of the neocortex.36:37 Moreover, single gene
studies have shown that genomic imprinting in the brain is spatially and developmentally
regulated. For example, the Ube3a gene was found to be maternally expressed in Purkinje
cells, hippocampal neurons, and the mitral cells of the olfactory bulb in mouse, while in
other brain tissues it showed biallelic expression.38 To investigate whether or not
upregulation is influenced by the parent-of-origin of imprinted genes, the expression of
maternally- and paternally-expressed genes relative to control genes was analyzed
separately, using microarray and qPCR data. Expression levels showed that both maternally-
and paternally-expressed genes were upregulated in the majority of adult and embryonic
tissues at different developmental stages (Fig. 4A and B+ Tables 1 and 2: Suppl. Table 1).
However, the average expression levels of maternally and paternally expressed genes tend to
vary in some tissues. For instance, the mean expression of paternally-expressed genes was
found to be high in the cerebellum of adults, microarray data, (Fig. 4A) and in the whole
brain at 14.5 dpc, qPCR data (Table 2: Suppl. Table 1), when compared to maternally
expressed-genes. Furthermore, the average of the paternally-expressed genes in whole brain
of embryonic 14.5 dpc embryos showed at least twofold upregulation, while the average of
the maternally-expressed genes showed at least twofold down-regulation. This differential
regulation of paternally- and maternally-expressed genes could be ascribed to differences in
silencing-related DNA sequence features. Indeed, previous studies have shown that
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paternally- and maternally-expressed genes are characterized by different densities of
sequence characteristics. For example, CpG content has been found to be different between
paternally- and maternally-derived differentially methylated regions.3940 In addition, it has
been reported that short interspersed transposable elements are less abundant in paternally-
expressed compared to maternally-expressed genes.*! Thus, the differential regulation of
paternally- and maternally-expressed genes could be attributed to some of these sequence
features. However, the question of what molecular mechanisms are responsible for such
differential regulation requires further investigation.

Genomic imprinting and X chromosome inactivation are two epigenetic phenomena that
share many common features in placental mammals. Differential DNA methylation, cis-
acting control centers, and involvement of both suppressive and permissive histone
modifications, and their chromatin-associated factors are all characteristics of both X-
chromosome inactivation and genomic imprinting (reviewed in ref. 11). Furthermore, the X
chromosome in XX females is paternally inactivated/imprinted and maternally expressed in
extra-embryonic tissues in eutherians (i.e., mice and cows)42:43 and across tissues in
marsupials.44:45 Recent work has shown that the active alleles of X-linked genes are
upregulated on average twofold relative to the rest of the genome in various tissues in
placental mammals, such as the mice and humans,21:22:46 and up to 1.6-fold in the
undifferentiated female and male mouse embryonic stem cells.32 We find that the global
upregulation of imprinted genes relative to the rest of the genome across different tissue
types parallels that of X-linked genes. Thus, our findings add another element to the
common features between X-linked and imprinted genes; both are upregulated compared to
the rest of the genome.

Why is upregulation of expression of imprinted genes important to cells in placental
mammals? Noise or randomness is defined as variability in gene expression in genetically
identical cells or organisms under similar environmental conditions which could result in
remarkable phenotypic variability and even in lethality.4”-30 It has been proposed that in
order to avoid lethality caused by transcriptional noise, essential genes°%:51 and
haploinsufficient genes®2 should show low noise. Indeed, a recent study by Yin and
colleagues® showed that X-linked genes—upregulated twofold because of dosage
compensation—and biallelically-expressed genes show less transcriptional noise than non-
imprinted monoallelically-expressed genes in humans and mice. If imprinted genes, which
are essential by definition, are vulnerable to transcriptional noise, we would expect that
either downregulation or upregulation of these genes would be deleterious. Consistent with
this notion, lethality has been documented in both knockouts and excess of expression of the
imprinted genes Peg11 and DIk1.3:54 Likewise, disrupting normal expression of Cdknic
either by knockouts or overexpression in mice was found to be lethal. 25 Also, it has been
shown that down-regulation of CDKN1C in human is associated with pancreatic cancers.>6

It has been shown that transcriptional noise and expression level are negatively correlated in
eukaryotes.?0:51:57 That is, genes expressed at high levels show less transcriptional noise.
Yin et al.>3 found that autosomal monoallelically-expressed genes—expressed at low levels
compared to biallelically-expressed genes—show three fold higher transcriptional noise than
do biallelically-expressed genes. Thus, because of their monoallelic nature, we propose that
upregulation of imprinted genes has evolved to buffer any deleterious effects that could
result from high transcriptional noise. In other words, selection worked to minimize
transcriptional noise by upregulating the expression of imprinted genes as suggested for X-
linked genes.>3 It would be of interest to confirm the hypothesis that imprinted genes display
similar noise levels to that shown by both X-linked genes and biallelically-expressed genes
in mice in future studies.

Epigenetics. Author manuscript; available in PMC 2011 January 13.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zaitoun et al.

Page 6

In summary, imprinted genes examined in various adult and embryonic mouse tissues
showed global upregulation in a broad spectrum of tissue types. Upregulation of imprinted
genes observed in microarray data analysis was confirmed in gPCR experiments. Expression
of imprinted genes was found to be highly upregulated in extraembryonic tissues. Also,
progressive upregulation was observed during embryonic development, independent of sex.
These results are consistent with the known role of imprinted genes in development and
growth of embryonic and extraembryonic tissues.33:34:58:59 Maternally- and paternally-
expressed genes, however, showed different patterns of upregulation in various tissues.
Although not statistically significant, the maternally-expressed genes were found to be
upregulated in extraembryonic tissues and downregulated in brain tissues.

Materials and Methods

Microarray data

Microarray data were obtained from a public array database (mouse custom-made 25-
oligomer array). This array included 36,182 transcripts and was originally designed to cover
all known protein-coding transcripts in the gene atlas of mouse protein-coding
transcriptomes.24 The data can be downloaded from (http://symatlas.gnf.org) and from the
Gene Expression Omnibus (www.ncbi.nih.gov/geo) entry GNF1M. Expression data for 29
adult and embryonic mouse tissues were used in this study. The tissues analyzed from this
microarray were adrenal gland, heart, kidney, lung, mammary gland, placenta, skeletal
muscle, thymus, liver, large intestine, small intestine, stomach, spleen, cerebellum, cortex,
spinal cord, prostate, testis, uterus, umbilical cord, ovary, oocyte, fertilized egg, blastocyst
and embryos of 6.5, 7.5, 8.5, 9.5, 10.5 dpc. Adult mouse tissue samples were collected from
4 males and 3 females of C57BL/6 mice at ages of 10 to 12 weeks. The original attempt was
to analyze all known imprinted genes that follow specific criteria: (i) the gene must not be a
microRNA to avoid overlap with other genes; (ii) the gene has to be annotated with a
recognizable name in the microarray files; and (iii) monoallelic parent-of-origin gene
expression must be determined based on convincing published data. For that sake, we
collected our information about the imprinted genes from two available resources including
the “Catalogue of Imprinted Genes”? and the “WAMIDEX: a Web Atlas of Murine
Genomic Imprinting and Differential Expression”,60 in addition to at least two original
publications per gene. Thus, 59 imprinted genes were chosen for the analysis of the
microarray data. Monoallelic expression across tissues was assumed for genes not known to
be tissue-specific imprinted genes.

Microarray data analysis

Perfect Match (PM) and Mismatch (MM) signals of each probe/gene were combined into an
expression index using the MAS5.0 algorithm, together with the Presence/Absence calls of
Affymetrix. For the purpose of our analysis, the expression intensities were log (base 2)
transformed, and only genes with at least one presence call were kept for further analysis.
Genes with either absent or marginal calls across the two replications and all tissues were
discarded. Descriptive statistics and visual inspection were first used as an exploratory
analysis of the data. Data from the two replications of each tissue were averaged for each
gene, and mean, median, standard deviation, and percentiles were calculated for each
category of genes (imprinted = monoallelically-expressed genes and nonimprinted genes
across tissues). The results were summarized using box-plots and histograms (data not
shown). Average expression differences between imprinted (monoallelically-expressed) and
nonimprinted genes within each tissue were compared using a t-test for two independent
groups with heterogeneous variances, and a significance level of 5%. The comparison of the
relative expression imprinted:nonimprinted genes across tissues was performed by
constructing 95% confidence intervals for each tissue. Non-overlapping intervals were
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considered statistically different at o = 0.05. The analyses were performed using the
procedures PROC TTEST and PROC CAPABILITY of SAS v9.1 (SAS Institute, Inc., Cary,
NC).

Quantitative real-time PCR

Mouse tissues and RNA preparation—All animals were maintained and used under
protocols approved by the Institutional Animal Care and Use Committee of the University of
Wisconsin-Madison. F2 conceptuses of 10.5 dpc and 14.5 dpc (where 0.5 dpc is the day of
conception) were derived from matings between (C57BI/6 x CBA) F1 mice (Jackson
Laboratory, Bar Harbor, ME). Conceptuses were divested of decidual association, the
parietal yolk sac was reflected and whole embryo, visceral yolk sac, umbilical cord, and
trophectoderm derivatives (which included some reflected parietal endoderm) were
harvested from 10.5-dpc conceptuses. Brain, liver, heart, gonads, umbilical cord and
chorionic disk (which included the umbilical vessels of the labyrinth and a minor
contribution of reflected parietal endoderm) were harvested from 14.5-dpc conceptuses.
Tissues were kept in RNAlater reagent (Qiagen, Valencia, CA) at -20°C until RNA
extraction. Only embryos of 14.5 dpc could be sexed by gross gonadal morphology in the
microscope. Two litters from each developmental stage were collected. Total RNA was
isolated using the RNAqueous-Micro kit (Ambion, Austin, TX) for all specimens except
trophectoderm and whole embryo for which RNA was extracted using the RNeasy micro kit
(Qiagen), in accordance with standard protocols. To eliminate DNA contamination, the
eluted RNA was treated with Ambion RNase-free DNase | according to the instructions of
the manufacturer, except for the incubation time, which was extended to 1 hour. First-strand
cDNA was synthesized in accordance with the manufacturer's instructions using iScript
cDNA Synthesis kit (Bio-Rad, Hercules, CA). The cDNA was quantified using a NanoDrop
ND-1000 spectrophotometer (NanoDrop Technologies). A pilot experiment was conducted
to investigate the validity of cDNA pooling for relative gene expression purposes. The
average C(t) value from the individual specimens was similar to that obtained from their
pool (data not shown). Tissue-specific pools of cDNA were prepared from the available
tissues of 10.5 and 14.5 dpc mouse conceptuses. For 10.5-dpc conceptuses, tissue-specific-
cDNA pools of eight specimens (samples of the same tissue type) were constructed for
whole embryo, yolk sac, umbilical cord and trophectoderm. For male and female 14.5 dpc
conceptuses, sex-and-tissue-specific-cDNA pools of four specimens (samples of the same
tissue type) were constructed for brain, liver, heart, umbilical cord, placenta and gonads. The
same amount of cDNA was taken from each sample used in constructing different pools. For
the purpose of qPCR analysis, imprinted genes were selected based on the following criteria:
(1) genes should be imprinted in mice, (2) genes are from different chromosomal locations/
clusters, (3) paternally- and maternally-expressed genes are represented equally, (4) both
protein-coding and noncoding imprinted transcripts are represented in the study, and (5)
genes must be expressed in both 10.5 dpc and 14.5 dpc conceptuses. Thus, a total of 24
imprinted genes were selected for further analyses: 12 maternally-expressed genes, namely
Asb4, Cd81, cDKnlc, Dcn, Gtl2, H19, Igf2r, Mash2, Osbpl5, Ppp1r9a, Tssc3 and Zim1, and
12 paternally-expressed genes, namely Air, Dio3, 1gf2, Impact, Nap1l5, Ndn, Nnat, Peg1,
Peg10, Peg3, SIc38A4 and Zacl. In addition, two control genes (AU042671 and Cry2) were
chosen based on microarray data analysis (mentioned herein). Primers for Air, Ndn, Nnat
and Peg1,%1 Dcn, Tssc3, Impact and Zac1:52 were used as described in the original
references. All other primers were designed using the Beacon Designer software (Premier
Biosoft International, Palo Alto, CA) (Suppl. Table 2). Quantitative real-time PCR (qPCR)
was run on a DNA Engine-Opticon 2 Detection System (MJ Research, Watertown, MA)
using SYBR Green chemistry, specifically the iQ SYBR Green Supermix kit (Bio-Rad). A
total of 70 ng of cDNA pools served as a template for gPCR. A calibrator pool was
constructed from different tissue pools and was run in all gPCRs. The cycling conditions
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were as the followings: 95°C for 10 min and 40 cycles of 94°C for 30 s, 57°C for 30 s and
72°C for 45 s, followed by 72°C for 10 min. Gene expression of imprinted and control genes
was normalized to Gapdh levels. Ratios of gene expression of each imprinted gene relative
to both AU042671 and Cry2 levels were done separately, and quantification was calculated
using the AA Ct method.53 All reactions were run in triplicate. Finally, the log2 ratios of
each imprinted gene relative to the two control genes were averaged.

Choosing internal control genes and gPCR data analyses

The microarray data discussed above was used also to select two control genes to be used
for the RT-PCR assays. The strategy was to use a data-based criterion to rank genes
according to how stable (or constant) and close to the average their expression levels were
across tissues. A score was calculated for each gene, using the expression:

1 -\
setsoe s
gTz:lygty

where Sy is the score relative to gene g, yg is the expression intensity of gene g in tissue t (t
=1, 2,.., T), Tis the total number of tissues, and §F is the overall (across genes and across
tissues) mean expression index. The score defined above penalizes genes that present
expression levels systematically below or above the overall mean g, as well as genes with
variable expression. A subset of seven genes (Epha6, Sox5, Cdknlb, DIl4, Mkks, AU042671
and Cry2) representing those with the most constant expression across tissues and close to
the overall mean were selected for further analysis. Another round of filtering was
conducted using gPCR to test the expression consistency of the selected seven genes across
all tissue types of 10.5-dpc and 14.5-dpc conceptuses. The most consistent two genes
(AU042671 and Cry2) were chosen to serve as internal controls to represent the average of
global gene expression of all nonimprinted genes in the mouse, in order to investigate
upregulation of imprinted genes using qPCR. The expression signals of the 24 imprinted
genes relative to each of the two internal control genes (AU042671 and Cry2) were
calculated across all tissues of 10.5-dpc and 14.5-dpc conceptuses. The agreement between
signals from these two genes was assessed visually by scatter plots and by calculating the
coefficient of correlation. Given the high correlation between the two control genes, the
results of qPCR were averaged before further analysis. Averaged expression signals were
then analyzed using ANOVA to study the effects of the expressed allele (paternally or
maternally), sex, and their interaction within each tissue. The analyses were performed using
the procedures PROC CORR and PROC GLM of SAS v9.1 (SAS Institute, Inc., Cary, NC).
The analysis was performed by calculating the ratios of the log base 2 gene expression of the
autosomal imprinted genes, one at the time, relative to the mean log base 2 of the whole
genome expression (except known imprinted genes) across different tissue types. All the
analyses were on log base 2 scale to meet normality assumptions, so values mentioned
herein are of log base 2 unless otherwise indicated. For imprinted genes with no
upregulation, the ratio of imprinted:nonimprinted gene expression would be -1 (equivalent
to 0.5 on the normal scale) or lower. In contrast, for upregulated imprinted genes, the ratio
of imprinted:nonimprinted gene expression would be of any value larger than -1, and a
‘zero’ value would be for genes with twofold upregulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Upregulation of imprinted genes in mouse tissues, based on microarray results.24 For the

indicated tissue, each vertical bar represents the confidence interval (95%) of imprinted/
control ratios (imprinted genes, n = 59; control genes, all nonimprinted genes); the diamond
marks the mean. Gene expression levels are on the log2 scale. The solid and broken lines
show the expected values for two-fold upregulation and for no upregulation, respectively.
(A) Adult tissues. Imprinted genes are upregulated significantly relative to all nonimprinted
genes, with means at least two times higher than the rest of the genome across various tissue
types except for lung. (B) Embryonic tissues at specific developmental stages. Imprinted
genes are upregulated significantly throughout early developmental stages except for the
fertilized oocyte, with means at least two times higher than the nonimprinted genome.
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Figure 2.

Scatter graph of log2 (imprinted:AU042671) ratios versus log2 (imprinted:Cry2) ratios from
mouse conceptuses, based on quantitative real-time PCR. Each data point represents the
expression of one single imprinted gene (n = 24) relative to two internal control genes in a
specific tissue type. Gene expression levels are on the log2 scale. (A) Relative expression of
imprinted genes in four different tissue types from 10.5-dpc conceptuses (n = 8) are shown.
The distribution of the data show a clear linear relationship between the two internal control
genes with high correlation (r = 0.946). (B) Relative expression of imprinted genes in six
different tissue types from each sex (n = 2) of 14.5-dpc conceptuses (n = 8). The distribution
of the data show a clear linear relationship between the two internal control genes with high
correlation (r = 0.934).
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Figure 3.

Upregulation of imprinted genes in mouse conceptuses, based on quantitative real-time PCR
results. Each vertical bar represents a confidence interval (95%) of imprinted/control ratios
(imprinted n = 24; control = AU042671 and Cry2: these control genes were chosen to
represent the average gene expression of all nonimprinted genes in mouse); the diamonds
mark the means for the indicated tissue. Gene expression levels are on the log2 scale. The
solid and broken lines show the expected values for two-fold upregulation and for no
upregulation, respectively. (A) 10.5-dpc mouse conceptuses. Results of four different tissue
types are shown (cDNA of each tissue was pooled from eight individuals). Imprinted genes
are upregulated significantly relative to control genes in various tissue types except for
whole embryo. (B) 14.5-dpc conceptuses. Results from six different tissue types from eight
conceptuses are shown. Imprinted genes are upregulated significantly relative to control
genes, with their means at least two times higher than the rest of the genome in various
tissue types except for whole brain and liver tissues.
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Figure 4.

Upregulation of maternally-(M) and paternally-expressed (P) genes in adult and embryonic
mouse tissues based on microarray results. Each vertical bar represents the confidence
interval (95%) of imprinted/control ratios; a diamond marks the mean for the indicated
tissue. Gene expression levels are on the log2 scale. The solid and broken lines show the
expected values for two-fold upregulation and for no upregulation, respectively. (A) Adult
(10-12 weeks old) mouse tissues and two extraembryonic tissues. (B) Embryonic tissues at
specific developmental stages. Although not significantly different, a trend in parent-of-
origin effect in expression of imprinted genes is clear. A relative expression of maternally-
expressed genes was higher in various adult tissues and in embryos of various ages except in
the cerebellum in adults.
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