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Abstract.

Crosses between two species of the rodent genus Peromyscus produce defects in both growth and development.

The defects are pronounced in the hybrid placentas. Peromyscuys maniculatus (strain BW) females mated to P, polionotus
(strain PO) males produce placentas half the size of the parental species, as well as growth-retarded embryos. In contrast,
PO females mated to BW males result in defective conceptuses that display embryonic and placental overgrowth. These
‘parent-of-origin’-dependent phenotypes are consistent with previous studies that demonstrated altered expression of
imprinted genes and genetic linkage of the overgrowth phenotypes to imprinted domains. In the present study, we take a
broader approach in assessing perturbations in hybrid placental gene expression through the use of Mus musculus cDNA
microarrays. In verifying classes of genes identified in microarray screens differentially regulated during hybrid placental
development, we focused on those influencing the cell cycle and extracellular matrix (ECM). Our work suggests that
cell cycle regulators at the G;/S phase check-point are downregulated in the large hybrid placenta, whereas the small
hybrid placenta is more variable. The ECM genes are typically downstream targets of cell cycle regulation and their
misregulation is consistent with many of the dysmorphic phenotypes. Thus, these data suggest imbalances in proliferation

and differentiation in hybrid placentation.

Introduction

The placenta is a major endocrine gland that also regulates the
maternal—fetal flow of nutrients and waste (Cross 2006). Aber-
rant placental development may result in fetal defects, as well
as gestational trophoblast diseases, such as choriocarcinoma
(Cheung 2003). Although the ultimate causes of placental mal-
functions are varied, many are accompanied by misexpression of
cell cycle genes and corresponding changes in proliferation, dif-
ferentiation and apoptosis (Arima et al. 1997; Constancia et al.
2002; Frank et al. 2002; Luu ef al. 2005; Walter and Schonkypl
2006).

We use rodents of the North American genus Peromyscus
as a model system to study placental growth dysplasia. Two
species, namely P polionotus (strain PO) and P maniculatus
(strain BW), produce offspring with marked parent-of-origin
growth phenotypes when inter-crossed (Dawson 1965). When
BW females are mated with PO males, growth-retarded offspring
are produced (bw X po; note the use of lowercase letters, which
indicates the result of the cross). The hybrid effect is particu-
larly pronounced in hybrid placentas, which are half the size
of those of the parental strain. Conversely, a PO female mated
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with a BW male (PO x BW; here, uppercase letters denote over-
growth) results in placental and embryonic overgrowth (Fig. 1).
This overgrowth is accompanied by developmental abnormal-
ities, as well as frequent fetal and maternal lethality (Rogers
and Dawson 1970; Maddock and Chang 1979; Vrana et al.
2000).

These reciprocal phenotypes are associated with changes in
genomic imprinting and exhibit linkage to regions known to
harbour multiple imprinted loci. Imprinted genes are those that
exhibit expression bias of one parental allele over the other
(Tilghman 1999). Imprinted genes are typically found in discrete
genomic clusters (Lewis and Reik 2006). The two parental alleles
in these regions are distinguished by differential distribution of
epigenetic marks such as DNA methylation and histone modifi-
cations (Monk et al. 1987; Reik et al. 1987; Sanford et al. 1987;
Sapienza et al. 1987; Swain et al. 1987). Genomic imprinting is
thought to share mechanistic origins with X-chromosome inacti-
vation, which exhibits a bias towards inactivation of the paternal
copy (Hajkova and Surani 2004). Further, the X-chromosome
has been shown to contain a surfeit of ‘placental genes’ (i.e.
genes whose expression is primarily in the placenta and/or whose
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(a)

Fig. 1.
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Haematoxylin- and eosin-stained cross-sections of Peromyscus placentas. (a) Parental placenta with

different sections marked. L, Labyrinth region; S, spongiotrophoblast; M, maternal tissue. (b) Placenta from a
cross between Peromyscuys maniculatus (strain BW) females and Peromyscuys polionotus (strain PO) males. (c, d)
Placentas from PO x BW crosses, representing the varying morphologies observed.

products have been shown to have critical placental function;
Monk 1986; Khil ef al. 2004).

Evidence from numerous studies links misregulation of both
imprinted and X-linked genes to placental and embryonic growth
phenotypes. The best-studied group of these genes is a cluster
located on distal mouse chromosome 7/human 11p15.5, which
is implicated in sporadic cancer and growth phenotypes (Weks-
berg et al. 1993; Feinberg 2000; Reik et al. 2003). For example,
paternal inheritance of a targeted mutation that reduces placental
insulin-like growth factor 2 (Igf2) expression by approximately
10% results in reduced growth of both the placenta and embryo
(Constancia et al. 2002). Maternal inheritance of a deletion of the
linked Ipl/Phlda2 gene produces an overgrown placenta (Frank
et al. 2002). Altered expression of both the Igf2 and Ipl/Phlda?2
genes is associated with trophoblast diseases such as chorio-
carcinoma and biparental complete hydatidiform mole (Arima
et al. 1997). The latter condition is characterised by an over-
growth of trophoblast (placental) tissue and lack of a fetus.
Other imprinted genes in this region, such as Cdknlc/p57%iP?
(a cyclin-dependent kinase inhibitor), show similar associations
(Takahashi et al. 2000; Kim ef al. 2005). Such perturbations
are typically accompanied by altered patterns of one or more
epigenetic marks (e.g. DNA methylation).

Epigenetic defects and subsequent aberrant growth pheno-
types are also associated with misexpression of non-imprinted

and X-linked genes. For example, misregulation of genes
involved in the cell cycle (Rb1, Cdknlc/p57%P? pl16), mismatch
repair (MIHI), Wnt signalling (SFRPI, SFRP2, SFRP4 and
SFRP5), ECM (procollagen-encoding loci), metastasis (Timp3
and s100a6/Calcyclin) and many other pathways leads to defects
in the control of proliferation, differentiation and apoptosis.
All these loci also exhibit altered DNA methylation at the pro-
moter associated with aberrant transcription (Parker et al. 1982;
Guenette et al. 1992; Baylin and Ohm 2006).

The goal of the present study was to assess the scope of
changes in hybrid placental gene expression. Our hypothesis was
that known growth regulators and cell cycle genes would show
altered expression in the reciprocal hybrids. In particular, we
predicted that imprinted loci and other loci known to be subject
to epigenetic regulation would be affected. To our knowledge,
this is the first study to take a large-scale approach in examin-
ing changes in gene expression that accompany perturbations of
imprinted gene expression.

Materials and methods
Animals

We purchased PO and BW animals from the Peromyscus Genetic
Stock Center (Columbia, SC, USA). Animals were housed with
food and water available ad libitum ona 16 : 8 hlight : dark cycle.
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We bred PO females with male BW and BW females with PO
males to obtain reciprocal hybrids. These crosses, along with
inter-crossed parental species, were placed in the same cage with
a separation cage top to allow the oestrous cycle of the female
to be induced by the presence of a male without contact. After
3 days, a normal cage top was used so females and males could
mate at will. Vaginal smears were performed morning and night
for sperm. Day 0 was defined as the day when spermatozoa were
found in vagina of a cycling female. Peromyscus preimplanta-
tion development is 4 days longer than that of Mus. However, to
facilitate comparisons, we have presented the data without inclu-
sion of these 4 days, such that the developmental stages of the
two genera coincide; hence, all age references in the text refer
to M. musculus equivalents.

Microarray hybridisation

Sample preparations were conducted using Qiagen (German-
town, MD, USA) RNeasy Mini Kit for isolation of total RNA
from animal tissue, with all homogenisation performed using
Qiashredder (Qiagen). First- and second-strand cDNA synthe-
sis was conducted using Invitrogen Life Technologies (Carlsbad,
CA, USA) SuperScriptTM Choice Systems for cDNA Synthesis
with 5 pg starting RNA and HPLC-purified T7-oligodT. Poly-
A Spike Controls were added to first strand synthesis as per
the Affymetrix (Santa Clara, CA, USA) GeneChip Eukaryotic
Poly-A RNA Control Kit. Poly-A control (1 LL) was added to
the first-strand reaction to give a final volume of 12 pL. The
first-strand incubation was performed at 42°C. Clean up of the
double-stranded cDNA was performed using the GeneChip Sam-
ple Cleanup Module by Affymetrix. The cRNA was then biotin
labelled using the Enzo BioArray High Yield RNA Transcript
Labelling Kit (Affymetrix). All samples were labelled for 5h
at 37°C. Clean up, quantification and fragmentation of biotin-
labelled cRNA was conducted using the GeneChip Sample
Cleanup Module (Affymetrix).

The hybridisation solution was then prepared with 15pg
fragmented cRNA, 3 nMm control oligo B2, 20x control cRNA,
10mgmL~! herring sperm DNA, 50mgmL~' bovine serum
albumin (BSA), 2x hybridisation buffer and diethylpyrocar-
bonate H,O to give a final volume of 300 wL. This solution
was incubated at 99°C for 5 min and then 45°C for 5 min. The
Affymetrix Mouse Expression Array 430A Gene Chips were
equilibrated to room temperature during hybridisation target
incubation. Hybridisation to these array chips was performed
for 20h at 45°C according to the manufacturer’s instructions.
Analyses of these hybridisations are described in the Results
section.

Histological analysis

Placentas were fixed in 4% paraformaldehyde. Fixed samples
were then dehydrated through ascending concentrations
of ethanol and then sent to Histoserv Inc. (http://www.
histoservinc.com) for sectioning and haematoxylin and eosin
staining. Sections were used for type I collagen staining using
primary antibodies obtained from Abcam (ab21285). The Vecto-
stain ABC elite kit (Vector Laboratories, Burlingame, CA, USA)
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with horseradish peroxidase and Vector NovaRED substrate kit
was used to visualise antibody binding.

Gene expression

Total RNA was obtained from whole placental tissue either
through lithium chloride—urea treatment (Auffray and Rougeon
1980) or using the RNeasy Micro Kit or Mini Kit purchased
from Qiagen. In all cases, RNA samples were DNased before
reverse transcription using Qiagen On-Column DNase diges-
tion. For quantitative real-time polymerase chain reaction (PCR)
assays of the Cdknlc/p575P?| Rpl-32, Cendl, Cenel, Gasl and
KIf6 genes, Peromyscus-specific Tagman assays were devel-
oped using Assays-by-Design technology (Applied Biosystems,
Foster City, CA, USA). The Tagman protocol was performed
according to the recommendations of Applied Biosystems. Reac-
tions were performed in triplicate in 96-well plates and cycled
on an ABI 7900 machine (Applied Biosystems). Quantitative
analysis was conducted according to ‘Critical Factors for Suc-
cessful Real-Time PCR’ (http://www.Qiagen.com). The quanti-
tative real-time reverse transcription (RT)-PCR for Colla2 and
Col3al was performed according to the methods described by
Raefski and O’Neill (2005). A minimum of n = 3 was used for
each sub-grouping (parental strains, PO x BW and bw X po) in
the analysis. Error bars denote 95% confidence intervals. Differ-
ences in gene expression values between groups were considered
significant if the mean values differed by more than one standard
deviation.

Semiquantitative PCR assays for the Timpl, Timp2, Timp3
and s100a6/Calcyclin genes were conducted using 32P-labelled
deoxy-cytosine. Reverse transcription was performed using
Invitrogen SuperScript First Strand Synthesis for RT-PCR with
oligo(dT). Polymerase chain reaction experiments were con-
ducted with minimal amounts of radioactivity for incorporation
of radioactive cytosine. Primer sets for both experimental and
control (Rpl-32) loci were placed in the same reaction and ampli-
fied for a maximum of 20 cycles to ensure that measurements
were taken in the linear range of amplification. Samples were
electrophoresed on 7.5% polyacrylamide gels and then dehy-
drated. Quantitation and visualisation were performed using an
Amersham Bioscience Typhoon 9400 according to the manufac-
turer’s instructions. Primer sets and annealing temperatures for
PCR assays are listed in Table 1.

For northern blot analysis, total RNA was isolated as
above and then subjected to electrophoresis on a 3-[N-
morpholino]propanesulphonic acid (MOPS)—agarose gel. The
size-separated RNA molecules were then transferred to a
Hybond-N* nylon filter and probed with radioactive probes
made from DecaPrime (Ambion, Austin, TX, USA) in UltraHyb
solution (Ambion). Blots were visualised and bands quantified
as described above.

Results

Microarray analysis

The Peromyscus genome has not yet been sequenced, nor are
there commercially available Peromyscus cDNA microarrays.

To circumvent these problems, we used M. musculus microarray
chips for genome-wide gene expression profiling in Peromyscus.
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Primer sets used for tested genes

Forward and reverse primers are shown in the 5'-3’ orientation

Gene Forward primer Reverse primer Annealing
temperature (°C)
Cendl AGGAGCAGAAGTGCGAAGAG CAAGGGAATGGTCTCCTTCA 52
Ccne2 AGGAATCAGCCCTTGCATTA CTGGCAGAGGTGAGGGATTA 52
Cdknlc  AAGGCTGAAGGAAACAGCAA GCTTTACACCTTGGGACCAG 52
Colla2  AAGGCTGAAGGAAACAGCAA CTTGCCCCATTCATTTGTCT 55
Col3al  AAG GCT GAA GGA AAC AGC AA TGGGGTTTCAGAGAGTTTGG 55
Gasl GCGGCGCTGCTCAAC CTTTCTTTGACCGATTCGCAGATG 52
Kif6 AGCCTTTTAAATGCTCTCACTGTGA  CCCACGATCCCACCCTTTT 52
Rb1 GTCTTCCCATGGATTCTGA GGGATTCCATGATTCGATGT 52
Rpl-32 TCTTCCTCGGCGCTG GGTGACTCTGATGGCCAG 52
5s100a6 CAGGAAGGTGACAAGCACA CCCCAGGAAGGTGACATACT 52
Timpl CCTTTGCATCTCTGGCATCT GTTGCAGAAGGCTGTCTGTG 52
Timp2 GGATGGACTGGGTCACAGAG TCCAGGAAGGGATGTCAAAG 52
Timp3 GTACCCTGGCTACCAGTCCA CCAGGAGGGTATTTCCCAAT 52

Although Mus and Peromyscus diverged approximately 25 mil-
lion years ago (Kass et al. 1992; Lee et al. 1995), our experience
is that coding regions typically exhibit high sequence identity
between the two genera (i.e. >70%). However, independent
verification of these results is paramount.

We dissected placentas at approximately embryonic Day (E)
12.5 of gestation from eight pregnancies. These litters repre-
sented the four genotypic classes (Fig. 1) as follows: BW, two
litters; PO, one litter; bw x po, three litters; and PO x BW, two
litters.

We isolated total placental RNA from three separate pla-
centas from each class using separate litters where possible.
Each of the 12 samples was hybridised to a separate Affymetrix
M. musculus microarray, as described in the methods section.
Using the chip files, the value of the genes was generated using
gcRMA in the software ArrayAssist (version 2.6.1642; Stra-
gene, La Jolla, CA, USA). One-way ANOVA with Bayesian
t-test (http://visitor.ics.uci.edu/cgi-bin/genex/cybert/CyberTReg-
8.0.form.pl) was performed to construct a list of genes with P
values <0.01. We divided genes into functional groups based on
Gene Ontology annotation (http://www.geneontology.org).

In our survey of these loci, those whose products regulate the
cell cycle or are involved in regulation of the ECM stood out.
We constructed a Venn diagram to depict the relative numbers
of these two gene classes suggested to be affected (Fig. 2). A
total of 415 ECM/cell cycle genes was found of 5758 transcripts
that were deemed significant by ANOVA analysis (P < 0.01). We
initially focused on genes that showed significant differences in
the F hybrids relative to the parental strains (i.e. PO, BW). That
is, we initially chose to test genes where the parental strains
displayed roughly equal expression.

Genes suggested by the array analyses to be downregu-
lated in both F; hybrids included Colla2, Col3al, Timp2,
Gasl and Ccnel. Genes suggested by the array analyses to
be downregulated specifically in PO x BW hybrids included
5100a6/Calcyclin, Timpl, Cendl and Cdknlc/p57%P? | whereas
downregulation in the bw x po hybrids was predicted for 7imp3.
Finally, the genes suggested by the array analyses to be

Extracellular matrix Cell cycle
GO: 0005578 GO: 0007049
15157 All genes
5758
P<0.01
Fig. 2. Venn diagram representing genes for which ANOVA analysis

assigned P values <0.01. Genes associated with the extracellular matrix
and cell cycle functions are shown in relation to all genes.

upregulated in the PO x BW hybrids included KIf6 and Timp3,
whereas genes suggested to be upregulated in bw x po placentas
included s100a6/Calcyclin and Cdknlc/p57%P?.

The 50 ECM- and cell cycle-related genes with the lowest P
values are listed in Table 2. The P values and average expression
values of the loci tested on the basis of the microarray analysis
are given in Table 3. Primers sequences used to amplify these loci
are given in Table 1. As noted, the products of all these genes have
been shown to regulate either the cell cycle or ECM (Prockop
1985; Chen et al. 1989; Tonini et al. 1991; Apte et al. 1994; Lee
etal. 1995; Matsuoka et al. 1995). We assessed expression levels
of these genes at three different time points, namely E10.5 (early
placentation), E13.5 (mid-placentation) and E16 (after placental
maturation). These time points were chosen to investigate the
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Table 2. Cell cycle- and extracellular matrix-related genes with the 50 lowest P values derived from the microarray analysis

Gene Gene notation P value BWmean POmean bwxpomean PO x BW mean
Matrix y-carboxyglutamate (gla) protein Mglap 1.11E-11 1196.47 73.77 29.90 25.53
T cell lymphoma invasion and metastasis 1 Tiaml 7.83E-11 10.77 10.63 10.53 16.20
S100 calcium-binding protein A6 (calcyclin) S100a6 1.41E-10 7009.50 5092.83 9722.00 1028.17
Procollagen, type III, al Col3al 1.71E-10 6569.77 6969.67 1503.83 1420.17
Procollagen, type I, al Collal 1.02E-09 2667.70 1917.93 218.97 70.53
Septin 4 4-Sep 2.14E-09 28.27 17.10 109.10 92.53
Microfibrillar-associated protein 5 Mfap5 3.96E-09 87.03 48.90 27.03 23.73
DNA cross-link repair 1A, PSO2 homologue Dclrela 7.04E-09 9.80 10.07 10.13 13.47
(S. cerevisiae)
Procollagen, type V, al Colsal 8.26E-09 1438.00 1111.70 569.43 256.77
Glutamate receptor, ionotropic, delta 2 (Grid2) Grid2ip 1.45E-08 5.33 4.50 4.40 4.17
interacting protein 1
A disintegrin and metalloproteinase domain 17 Adaml17 2.02E-08 9.67 11.13 9.53 16.30
Solute carrier family 12, member 4 Slcl2a4 2.14E-08 15.13 15.40 16.73 30.40
Tissue inhibitor of metalloproteinase 3 Timp3 2.23E-08 905.73 1139.13 578.40 2047.07
Cyclin D2 Ccnd?2 2.75E-08 40.03 102.17 41.60 38.00
Zinc finger and BTB domain containing 16 Zbtb16 2.76E-08 38.87 30.53 60.63 18.97
Destrin Dstn 2.89E-08 14.17 21.70 14.50 14.03
Yamaguchi sarcoma viral (v-yes) oncogene homologue 1 Yes/ 6.06E-08 10.70 11.33 8.90 8.13
Transforming growth factor-p2 Tgfb2 1.16E-07 21.87 16.23 11.90 11.83
Retinoic acid induced 12 Rail2 1.29E-07 22.30 60.07 41.33 43.10
Tissue inhibitor of metalloproteinase 2 Timp2 1.75E-07 4993.47 6728.40 2726.93 1416.00
Ret proto-oncogene Ret 2.5E-07 276.20 513.47 377.33 870.47
ELK4, member of ETS oncogene family Elk4 3.13E-07 73.80 53.87 205.93 132.60
Fibulin 2 Fbin2 3.55E-07 30.53 28.13 19.97 66.20
Procollagen, type I, a2 Colla2 5.14E-07 1788.97 2198.20 260.17 74.90
Seven in absentia 2 Siah2 5.5E-07 11.53 11.30 11.77 16.50
Cyclin L1 Cenll 5.81E-07 39.73 77.27 26.97 33.40
Checkpoint with forkhead and ring Chfir 5.88E-07 141.97 158.27 322.67 303.63
finger domains
Procollagen, type V, a2 Col5a2 6.24E-07 17.00 27.10 13.13 11.13
SGT1, Suppressor of G2 allele of SKP1 Sugtl 6.38E-07 8.00 9.53 7.97 7.77
(S. cerevisiae)
RIKEN c¢DNA B230120H23 gene B230120H23Rik 8.1E-07 25.77 32.37 20.30 17.80
Src homology 2 domain-containing Shel 8.68E-07 24.37 22.93 21.80 35.47
transforming protein C1
Matrix metalloproteinase 14 (membrane-inserted) Mmpl14 1.13E-06 17.77 15.73 14.43 23.80
Procollagen, type XII, al Coll2al 1.18E-06 76.33 61.93 39.40 42.50
Septin 1 1-Sep 1.28E-06 73.03 47.63 118.60 71.77
FtsJ homologue 2 (E. coli) Ftsj2 1.58E-06 8.30 8.50 7.47 6.70
Latent transforming growth factor-B-binding protein 3 Ltbp3 1.62E-06 265.87 272.47 267.13 68.87
Epidermal growth factor-containing fibulin-like Efemp2 2.8E-06 125.63 91.70 74.83 39.67
extracellular matrix protein 2
RIKEN ¢DNA 1810009010 gene 1810009010Rik  2.81E-06 12.27 12.20 12.20 16.73
Chondroitin sulfate proteoglycan 2 Cspg?2 3.93E-06 24.03 18.20 12.13 8.20
Elastin Eln 4.13E-06 7.07 4.63 4.67 4.53
Protein tyrosine phosphatase, receptor type Z, Piprzl 6.53E-06 23.53 13.67 13.47 11.27
polypeptide 1
Tubulin, p5 Tubb5 9.2E-06 324.57 218.60 141.80 285.37
Jun proto-oncogene-related gene d1 Jund1 9.37E-06 560.43 491.47 1011.73 536.00
Cullin 3 Cul3 1.52E-05 6.03 6.03 5.80 5.27
Protein tyrosine phosphatase 4al Ptp4al 1.53E-05 13.00 10.40 9.97 8.93
Procollagen, type IX, al Col9al 1.55E-05 15.87 13.43 11.87 11.03
Large tumour suppressor 2 Lats2 1.58E-05 36.20 36.33 45.73 60.63
Amyloid B (A4) precursor-like protein 1 Aplpl 1.59E-05 4.37 4.00 3.70 3.53
Inhibitor of growth family, member 1 Ingl 1.81E-05 261.10 209.13 215.17 382.27
RAD21 homologue (S. pombe) Rad21 1.82E-05 31.77 30.87 15.73 22.30

PO, Peromyscuys polionotus; BW, Peromyscuys maniculatus; PO x BW, P polionotus females mated with P maniculatus males; bw x po, P maniculatus

females mated with P polionotus males.
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Table 3. Genes tested for microarray analysis verification
Mean expression values derived from the microarray analysis are shown for each genotype. P values were derived using ANOVA.
The ‘Microarray validated’ column indicates whether independent expression assay data displayed the same trend (Y = yes; N =no)

Gene Gene P value BW mean PO bw x po PO x BW Microarray
notation mean mean mean validated?

S100 calcium-binding S100a6 1.41E-10 7009.5 5092.8 9722 1028.1 Y
protein A6 (calcyclin)

Procollagen, type 111, al Col3al 1.71E-10 6569.7 6969.6 1503.83 1420.16 Y

Tissue inhibitor of Timp3 2.23E-08 905.73 1139.13 578.4 2047.1 Y
metalloproteinase 3

Tissue inhibitor of Timp2 1.75E-07 4993.4 6728.4 2726.9 1416 N
metalloproteinase 2

Procollagen, type I, a2 Colla2 5.14E-07 1788.9 2198.2 260.16 74.9 Y

Growth arrest specific 1 Gasl 7.09E-05 302.9 336.9 146.83 106.9 N

Cyclin E1 Ccnel 1.25E-04 62.2 42.8 38.56 37.8 N

Tissue inhibitor of Timpl 3.91E-04 70.73 57.26 68.9 38.7 Y
metalloproteinase 1

Kruppel-like factor 6 Kif6 0.71E-03 858.66 1119.4 812.13 1435.23 N

Cyclin D1 Cendl 1.17E-03 26.83 213 21.1 16.8 Y

Cyclin-dependent kinase Cdknlc 6.24E-03 2745.5 2181.2 3958.5 2521.8 Y

inhibitor 1C (P57kip2)

PO, Peromyscuys polionotus; BW, Peromyscuys maniculatus; PO x BW, P polionotus females mated with P maniculatus males;

bw X po, P maniculatus females mated with P polionotus males.

temporal expression dynamics of these genes, as well as to test
the patterns suggested by the microarray analysis.

Perturbation of cell cycle regulatory genes in the F; hybrids

The s100a6/Calcyclin gene product is thought to have diverse
functions, but has been specifically implicated in the G{/Gg
cell cycle checkpoint (Tonini ef al. 1991). In the placenta,
s100a6/Calcycin is expressed in uterine natural killer (uNK)
cells and has been implicated in regulation of secretory vesicles
(Thordarson et al. 1991; Farnsworth and Talamantes 1998). Uter-
ine NK cells invade the uterine tissue at the zygotic—maternal
interface (decidua) and the metrial gland, a pregnancy specific
uterine structure. These uNK cells are associated with the for-
mation of the decidua and vascular remodelling (Takeda and
Paszkowski 2005).

To ensure that we obtained tissue samples that included
all placental s/00a6/Calcycin-expressing cell types, we used
cross-sections from whole placentas with the entire uterine com-
ponent for both RNA isolation and histological analyses. A
semiquantitative radioactive PCR was used to independently
confirm differential gene expression of the s/00a6 gene between
hybrid and parental placental samples. The microarray gene
expression profile suggested the upregulation of s700a6 in the
growth-retarded hybrids, with reciprocal underexpression in the
hyperplastic PO x BW placentas. The predicted reduction in
PO x BW 57100a6/Calcyclin microarray gene expression was
borne out at E13.5 and E16 (Fig. 3). Although the bw x po data
at E13.5 were suggestive of increased expression, the changes
were not statistically significant.

The cell cycle regulator encoded by the CdknIc/p57%P? gene
is a broadly expressed member of the Cip/Kip family. Increased
levels of Cdknlc product result in inhibition of cyclins E/A and
are associated with Cdk2 kinase activity (Lee et al. 1995). The

Cdknlc gene is also imprinted, suggesting that hybrid expres-
sion perturbations are likely (Hatada and Mukai 1995). We
tested Peromyscus placental Cdknlc expression by both north-
ern analysis (data not shown) and quantitative RT-PCR (Fig. 3).
Consistent with the microarray results, both assays indicated
reduced Cdknlc expression levels in the PO x BW samples at
E13.5 and El6.

The Cdknlc gene is expressed at much lower levelsat E10.5, a
stage when other Cip/Kip family members exhibit higher expres-
sion (Kim et al. 2005). An assay to test the predicted increase in
bw x po placental Cdknlc expression was again suggestive of
that trend, but the differences were not significant.

The Ccndl gene product cyclin D1 is a cell cycle reg-
ulator necessary for progression into S phase (Baldin et al.
1993). Microarray analyses predicted reduced Ccndl levels in
PO x BW relative to the other classes. Our secondary assay ver-
ified significantly reduced expression of Ccndl in PO x BW at
E10.5 and E16. Although the average Ccndl levels in PO x BW
were also lower at E13.5, the difference was not significant. The
bw x po placentas displayed a varied gene expression profile
with levels equivalent to the PO/BW strains at E10.5, but lower
expression levels at E13.5 and E16.

The KIf6 transcription factor acts to regulate transcription of
Ccndl (Benzeno et al. 2004). The KIf6 gene was suggested to
be overexpressed in the PO x BW class. In contrast with what
the array analysis suggested, PO x BW placental KIf6 expres-
sion was not significantly different from the parental strains at
E13.5. However, the reciprocal bw x po placentas did display
significantly increased levels of KIf6 at E13.5.

The GasI product is associated with the cell cycle by inter-
acting with p53 and inhibiting G1/S phase transition (Del Sal
et al. 1995). During development, the highest levels of expres-
sion are found in undifferentiated cells and expression is lost
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Fig. 3. Assays testing differences in expression of genes associated with

the cell cycle. Expression levels of s700a6/Calcyclin were assessed using
semiquantitative low-cycle radioactive polymerase chain reaction (PCR).
Quantitative real-time PCR assays were used to assess the expression of the
Cdknlc/p57%Pi2 | Cendl, KIf6, Gasl and Ccnel genes. All sample groups
contain n > 3. In all experiments, Rpl-32 was used as a control gene.

as cells terminally differentiate (Rees et al. 1999). Microar-
ray analysis predicted reduced Gas! expression in both hybrid
classes. Our verification assay confirmed reduced Gas! expres-
sion in PO x BW; however, this difference was observed only at
E10.5. Reduced Gas! expression was never observed in bw x po
hybrids.

The final cell cycle gene tested was Ccnel, encoding cyclin
El. Cyclin E1l is a positive regulator of the cell cycle and
increases in expression are associated with cancer and exces-
sive growth (Sutherland and Musgrove 2004). Surprisingly, the
microarray analyses suggested a decrease in Ccnel expression in
both hybrid classes. Our tests revealed equivalent levels of Ccnel
expression at E10.5 and E13.5, followed by an approximate
fourfold increase in PO x BW placentas at E16.
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Fig. 4. Assays testing differences in expression of extracellular matrix

(ECM)-related genes. Quantitative real-time polymerase chain reaction
(PCR) assays were used to assess the expression of Col/a2 and Col3al.
Expression levels of Timpl, Timp2 and Timp3 were assessed using semi-
quantitative low-cycle radioactive PCR. All sample groups contain n > 3. In
all experiments, Rpl-32 was used as a control gene.

Reduced expression of hybrid ECM genes

Several genes whose products contribute to, or positively reg-
ulate, the ECM showed changes specific to the hybrid pla-
centas. We assessed changes in the expression levels of these
genes, including Colla2, Col3al, Timpl, Timp2 and Timp3,
using real-time quantitative RT-PCR assays and semiquantitative
radioactive RT-PCR.

The procollagen gene family is involved in numerous aspects
of matrix stability and development (Prockop 1985). The spe-
cific genes identified in our screen include Colla2 (type I
procollagen) and Col3al (type III procollagen). The growth-
retarded bw x po placentas had relatively high expression levels
of Colla2 and Col3al at E10.5, but reduced levels at E13.5 and
E16, compared with the parental strains (Fig. 4). The PO x BW
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(a—i) Representative examples of type I collagen staining on embryonic Day (E) 10.5 (a—c), E13.5 (d—f) and E16 (g—i). All pho-

tographs were taken at an original magnification of x 10. All histological analysis was conducted on n > 4 placentas for each sample group.
PO, Peromyscuys polionotus; BW, Peromyscuys maniculatus; PO x BW, P polionotus females mated with P maniculatus males; bw x po,
P, maniculatus females mated with P polionotus males; Lab, labyrinth; Sp, spongiotrophoblast.

placentas had reduced levels of Colla2 at E13.5 and E16 and
reduced Col3al expression at E10.5 and E13.5.

The Timp1, Timp2 and Timp3 gene products act positively on
the maintenance of the ECM by negatively regulating matrix
metalloproteinases, which degrade ECM protein components
(Matrisian 1990). In addition, Timp3 inhibits angiogenesis, inva-
siveness in cancers, increases apoptosis and suppresses growth
(Lam et al. 2005). Timpl and Timp2 are soluble proteins,
whereas Timp3 is bound to the ECM. Timp?2 is constitutively
expressed, whereas Timpl and Timp3 transcription is regulated
by cytokines and growth factors (Kassiri and Khokha 2005).

The gene expression data from the microarray results for
Timp1 suggested a reduction in expression for PO x BW placen-
tas. However, this trend was confirmed only at E16 (Fig. 4c). No
other significant differences in Timp I expression were observed.
The microarray analysis predicted a reduction of 7Timp2 expres-
sion in both hybrid classes, but our verification assays did not
reveal any significant changes in gene expression for either
group. However, Timp3 expression was substantially reduced

in the bw x po hybrids at all three time points tested. Strikingly,
PO x BW hybrids displayed a similar reduction in 7imp3 expres-
sion at both E10 and E16, but displayed equal or greater amounts
of expression than the parental strains at E13.5 (Fig. 4b).

Histology reveals altered collagen expression profile

Collagens are typically secreted by differentiated cells and
are formed from procollagen polypeptides (Prockop 1985). To
assess the correlation between the observed reduction in pro-
collagen gene expression and the extent of the collagen protein
content across the placenta, we performed histological staining
with the type I collagen antibody.

As suggested, the parental strain (PO and BW) placentas dis-
played the highest levels of type I collagen staining (Fig. 5a,
d, g). A reduction in hybrid type I collagen staining was par-
ticularly evident in decidua at E13.5 (Fig. 54—f) and E16
(Fig. 5g—i). An overall reduction in type I collagen was seen
in PO x BW placentas, with areas of staining found limited to
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the maternal decidua (Fig. 50, e, h). The dark pockets seen in
these hypertrophic placentas are not positive for type I colla-
gen staining, but rather represent pockets of erythrocytes due to
haemorrhaging.

Discussion

Misregulation of placental gene expression can have far-ranging
effects on both the mother and fetus. Reciprocal crosses between
P, polionotus and P maniculatus offer a unique system for study-
ing the role of natural genetic variation in producing aberrant
placental gene expression and its associated phenotypes.

Imprinted genes may be particularly susceptible to such per-
turbations, given the intricacy of their epigenetic regulation.
Further, the placenta is a major site of imprinted gene expres-
sion and growth regulation. We have previously established that
imprinted loci likely contribute to the hybrid phenotypes in two
ways. First, several loci lose their imprinted status in hybrid
embryos and placentas, particularly in the PO x BW offspring
(Vrana et al. 1998, 2000). This loss-of-imprinting is modulated
by a genetic maternal effect (Duselis et al. 2005). Second, we
have mapped two loci involved in the overgrowth phenotype to
imprinted domains (Vrana ef al. 2000).

Although we have confirmed aberrant DNA methylation at
several imprinted loci, we do not yet know the genome-wide
extent of changes in either DNA methylation or gene expres-
sion in the Peromyscus hybrids. In addition to a candidate gene
approach, we have used cDNA microarray to finding affected
loci. Of the 11 loci assessed initially, our tests validated seven as
showing significant changes in hybrid gene expression relative
to the parental strains. With the successful validation of approx-
imately 64% genes tested, it seems likely that these analyses of
the microarray data will yield insights into additional affected
pathways.

The two pathways investigated to date were ECM and cell
cycle regulation. No clear linkage has been established between
genomic imprinting and ECM-related genes. However, as growth
regulators, it seems likely that imprinted loci are typically
upstream of genes involved in directly affecting the ECM.

Of the cell cycle genes we found to be perturbed in
the PO x BW hybrids, five (Cdknlc/p57%P?, Cenel, Gasl,
§100a6/Calcyclin and Ccndl) encode regulators of the G;/S
phase checkpoint. Placental misregulation of this checkpoint
can cause overgrowth, as well as increases in proliferation
and decreases in differentiation (Zhang et al. 1998; Wu et al.
2003). The reduction in PO x BW Cdknlc/p57%P? expression
particularly suggests an increase in proliferative capacity and a
corresponding decrease in differentiation. Similarly, increases in
Ccnel expression are associated with uncontrolled growth and
cancer (Yue and Jiang 2005).

Degradation of the ECM is typically necessary for additional
growth and angiogenesis (Spurbeck ef al. 2002). Both collagens
and Timp proteins are required at the maternal—fetal interface of
the placenta (Apte et al. 1994; Carbone et al. 2006). Together,
these data suggest improper ECM formation both within the fetal
placenta and the decidua of the PO x BW cross. Further, numer-
ous cell types have been shown to require specific extra-cellular
matrix composition for proper differentiation and/or migration
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(Pedersen and Swartz 2005). Thus, the lack of proper ECM
gene expression may further contribute to an imbalance between
proliferation and differentiation, resulting in dysplastic pheno-
types. For example, the uNK cell expression of s1/00a6/Calcyclin
requires the migration of this cell type to the decidua from other
portions of the uterus (Whitelaw and Croy 1996; Farnsworth and
Talamantes 1998). In turn, the secretion of s100a6 by uNK cells is
thought to act on invasive trophoblast giant cells to produce pla-
cental hormones (Soares et al. 1998). Thus, the diminished levels
of collagen and metalloproteinase inhibitor gene expression in
the PO x BW hyperplastic placentas may result in ECM that is
not competent for uNK cell migration. The resulting reduction
in s100a6 signalling is predicted to affect giant cell develop-
ment and/or placental lactogen (PL) expression from these cells.
Altered PL expression may affect both fetal and maternal tissues
(Soares 2004). Indeed, previous work has shown temporal mis-
regulation of type I placental lactogen expression in PO x BW
placental development (Vrana et al. 2001).

These results bear comparison with Mus placental dysplasias,
which have been the subject of broad gene expression anal-
yses. Singh et al. (2004) performed microarray experiments
on three groups of hyperplastic placentas: (/) those produced
by somatic cell nuclear transfer (i.e. ‘clones’); (2) those pro-
duced by targeted mutation (knockout) of the Esx/ homeobox
gene; and (3) those produced by crossing Mus spretus females
with males of the C57BL/6 strain (B6 or ‘Black 6°). All three
classes are potentially relevant to the Peromyscus crosses. First,
the cloned placentas display epigenetic aberrations, including
perturbations of imprinted gene expression (Humpherys et al.
2002; Suemizu et al. 2003). EsxI is a candidate gene for
one of the loci involved in the PO x BW placental hyperpla-
sia (Loschiavo et al. 2007). Finally, the M. spretus/B6 crosses
bear special note because they have also been termed interspe-
cific hybrids (Zechner et al. 2004). However, the B6 strain is
a mix of the M. musculus musculus and domesticus subspecies
of unknown locales, as well as containing M. spretus sequences
(http://www.informatics.jax.org/external/festing/mouse/docs/
C57BL.shtml). Thus, the C57BL/6 combination of alleles does
not exist naturally, nor is it likely that it could. Surprisingly, the
M. spretus/B6 placenta hypertrophy results in few or no dis-
cernable effects on the embryo proper (Zechner et al. 1996).
The EsxI knockout results in growth retardation of the associ-
ated embryo, whereas the clone phenotypes are variable (Li and
Behringer 1998). Despite the similarities of placental hypertro-
phy, few genes shared common expression trends among these
three classes.

Genes identified by Singh et al. (2004) as showing twofold
or greater changes relative to controls are listed in Table 4 (from
table 2 in Singh et al. 2004). To facilitate comparisons, we have
shown the Peromyscus hybrid expression levels relative to an
average of PO and BW values (note, these values may be sig-
nificantly different owing to differential hybridisation of the two
alleles to the spotted 25-mer olignonucleotides). For compara-
tive purposes, we counted genes with values of 1.3 or greater
as upregulated and those with values 0.7 or less as downreg-
ulated. Major caveats to such comparisons are the sequence
divergence resulting in lack of hybridisation or paralogous gene
hybridisation.
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Table 4. Comparison of Peromyscus hybrid array analysis with Mus placental dysplasias
Peromyscus hybrid expression values are shown relative to the average expression of the two parental strains Peromyscuys polionotus (BW) and Peromyscuys
maniculatus (PO)

Gene bw x po Po x BW MS x B6 Clones Esx1 Description

Ramp2 0.73 0.64 0.36 0.3 0.24 Receptor (calcitonin) activity modifying protein 2
Btbd1 1.10 0.86 0.40 0.39 - BTB (POZ) domain containing 1

Cpe 0.78 0.67 0.34 0.3 - Carboxypeptidase E

Dafl 0.83 0.68 0.37 0.29 - Decay accelerating factor 1

Dcn 0.65 0.58 0.31 0.27 - Decorin

Gatm 0.92 0.73 0.29 0.09 - Glycine amidinotransferase

Rbpsuh 1.00 0.89 0.37 0.42 - Recombining binding protein suppressor of hairless
MGI2149952F 0.88 0.80 0.32 0.17 - Implantation serine protease 2

Trem2 0.98 1.20 0.42 0.39 - Triggering receptor expressed on myeloid cells 2
Ppp2r4 0.95 0.87 - 0.38 0.15 Protein phosphatase 2A, regulatory subunit B
Ncaml 1.00 0.95 2.48 - - Neural cell adhesion molecule 1

Ada 0.74 0.48 3.4 - - Adenosine deaminase

Zfp36l1 1.04 0.29 0.42 - - Zinc finger protein 36, C3H type-like 1
Cacnb3* - - 2.30 - - Calcium channel, voltage-dependent, y-subunit 8
Car2*f - - 2.65 - - Carbonic anhydrase 2

Cd83 0.87 0.89 2.47 - - CD83 antigen

DixI* - - 3.34 - - Deltex 1 homologue (Drosophila)

Helb* - - 0.40 - - Deoxyribonucleic acid segment Chr 10 ERATO Doi 664
Aks*t - - 2.57 - - Adenylate kinase isoenzyme 1

Gplbb 0.95 0.90 291 - - Glycoprotein Ib, p polypeptide

Gpel*t - - 3.33 - - Glypican 1

Edg2*T - - 0.36 - - G-protein-coupled receptor 26d

Lmnbl 0.83 0.96 0.35 - - Lamin B1

Lhx3* 0.99 0.93 3.67 - - LIM homeobox protein 3

Ly6 0.95 0.92 2.73 - - Lymphocyte antigen 6 complex, locus G6D
Plac8 0.93 1.38 2.73 - - Placenta-specific 8

Rapl gal** - - 3.15 - - Rapl, GTPase-activating protein 1

Ralb** - - 2.54 - - V-ral simian leukaemia viral oncogene homologue B
Sh3kbpl 1.42 1.07 2.98 - - SH3-domain kinase binding protein 1

Serpingl 0.89 0.91 0.39 - - Serine proteinase inhibitor, clade G, member 1
Temt* - - 0.25 - - Thioether S-methyltransferase

Tmsb10* - - 2.68 - - Thymosin, 10

Alas2 1.54 1.02 - 0.44 - Aminolevulinic acid synthase 2, erythroid
Anxa8*" - - - 0.38 - Annexin A8

Crabp2*T - - - 0.39 - Cellular retinoic acid binding protein II

Coch* - - - 0.20 - Coagulation factor C homologue Limulus
Cryab* 2.12 0.58 - 0.20 - Crystallin, o B

Timp2+t 0.47 0.24 - 0.42 - Tissue inhibitor of metalloproteinase 2

Emilin2* - - - 0.33 - EST

Sgk** - - - 0.41 - Serine/threonineprotein kinase sgk

Syts*t - - - 0.35 - Synaptotagmin 5

Mrpl28 0.70 0.68 - 0.20 - Mitochondrial ribosomal protein L28

Fabp4 0.66 0.55 - 0.27 - Fatty acid binding protein 4, adipocyte

Fstll 0.91 0.79 - 0.39 - Follistatin-like 1

Gek* - - - 0.34 - Glucokinase activity

Gpx3t 1.21 0.27 - 0.20 - Glutathione peroxidase 3

Gp38 0.91 0.90 - 0.45 - Glycoprotein 38

Hspb8 0.58 0.88 - 0.49 - Heat shock protein 8

Hbax 0.39 0.40 - 0.37 - Haemoglobin X, a-like embryonic chain in Hba locus
1db3*T - - - 0.47 - Inhibitor of DNA binding 3b

Jup*® - - - 0.45 0.21 Junction Plakoglobin

Rbbp4 0.25 0.94 - 0.18 - Mus retinoblastoma-binding protein

Hspg2** - - - 0.35 - Perlecan (heparan sulfate proteoglycan 2)b

Puaics 0.59 0.46 - 0.22 - Phosphoribosylaminoimidazole carboxylase
Prnp 0.93 0.90 - 0.49 - Prion protein

(Continued)
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Table 4. (Continued)

Gene bw X po Po x BW MS x B6 Clones Esxl Description

Rtkn* - - - 0.41 - Rhotekin

Egln3* - - - 0.46 - RIKEN cDNA 2610021G09

Topl 0.95 0.89 - 0.20 - Topoisomerase 1

Tm7sf1 0.73 0.60 - 0.31 - Transmembrane 7 superfamily member 1
Upa* - - - 0.49 - Uterine-specific proline-rich acidic protein
Ap3mI* 0.76 0.72 - - 0.19 Adaptor-related protein complex AP-3 mu 1 subunit
Bax - - - - 0.32 Bcl2-associated X protein

Bcl2l 1.00 0.95 - - 0.19 Bel2-like

Bcatl - - - - 0.39 Branched chain aminotransferase 1,cytosolic
Calb3* - - - - 291 Calbindin-D9K

Copb2* - - - - 0.31 Coatomer protein complex subunit § 2 prime
Corolct 0.81 0.77 - - 0.45 Coronin, actin binding protein 1C

Enol* 0.79 0.87 - - 0.17 Enolase 1o non-neuron

Usp8 0.86 0.84 - - 0.40 Ubiquitin-specific protease 8

Eif4 g2 1.49 1.43 - - 0.31 Eukaryotic initiation factor 4y

Jakl* 0.54 1.55 - - 0.33 Janus kinase 1

Csnkld® 0.82 1.51 - — 0.33 Casein kinase I, §

Eif3 0.71 1.31 - - 0.43 Eukaryotic translation initiation factor 3
Ddx3 0.19 0.52 - - 0.24 Fibroblast growth factor inducible 14

Fgfrl 1.03 1.75 - - 0.34 Fibroblast growth factor receptor 1

Flt] 0.72 1.07 - - 0.30 FMS-like tyrosine kinase 1

Glul 0.82 1.02 - - 0.19 Glutamine synthetase

HIfo* - - - - 0.44 H1 histone family member 0

Hsdl1b1*" - - - - 2.61 Hydroxysteroid 11-f dehydrogenase 1

Vidir* - - - - 2.61 Hypothetical protein 425018-1

ler3* - - - - 0.47 Immediate early response 3

12rg 0.94 0.86 - - 0.47 Interleukin 2 receptor, y chain

Junb 1.54 0.99 - - 0.37 Jun-B oncogene

Lampl 1.58 0.96 - - 0.36 Lysosome associated membrane glycoprotein
NckapI* - - - - 0.37 Membrane-associated protein Hem-2

Stard3* - - - - 0.43 Mus es64 mRNA

U2af2* - - - - 0.37 Mus mRNA for splicing factor U2AF (65 kDa)
Nuch 1.01 1.57 - - 0.31 Nucleobindin precursor

Prdx3*" - - - - 0.20 Peroxiredoxin 3

Kenh?2 0.73 1.25 - - 0.38 Potassium channel ERG2

MapkI*t - - - - 0.42 Protein kinase, mitogen activated kinase
PimI* - - - - 0.40 Proviral integration site 1

RalbpI* - - - - 0.34 Ral-interacting protein lc

Srp54 0.55 0.83 - - 0.37 Signal recognition particle 54-kDa protein
Baspl 1.13 2.04 - - 0.37 Brain abundant, membrane attached signal protein 1
SmapI* - - - - 0.31 Stromal membrane-associated protein 1
RrbpI* - - - - 0.37 Ribosome binding protein 1

Gabarapll 0.89 0.80 - - 0.26 GABA\ receptor-associated protein-like 1
Stat3 - - 0.45 Signal transducer and activator of transcription 3
Syt4' 0.76 0.65 - - 0.42 Synaptotagmin 4

Vhin* - - - - 0.34 von Hippel-Lindau syndrome homologue

MS x B6, Mus spretus x C57BL/6; Clones, produced by somatic cell nuclear transfer; Esx1, targeted mutation of the Esx/ gene; PO, Peromyscuys polionotus;
BW, Peromyscuys maniculatus; PO x BW, P, polionotus females mated with P maniculatus males; bw x po, P maniculatus females mated with P poliono-
tus males.

Mus expression values are all shown relative to respective controls; see Singh ez al. (2004) for details. We have omitted several expressed sequence tags (EST)
whose orthology was not clear. Peromyscus hybrid values >1.30 or 0.70< are shown in bold.

*The gene was not identified by array analysis, either due to no significant differences between groups (P > 0.01) or to lack of signal (i.e. due to cross-species
hybridisation). Singh et al. (2004) included only loci predicted to show twofold or greater differences in expression compared with controls.

fAnalysis suggests a family member with significant differences in expression between parental strains and one or both hybrids.

*Multiple probe sets suggested this trend; the probe set with lowest P value is shown.

§ Jup expression in ‘Clones’ v. Esx1 placentas was detected with different probe sets.
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Despite the preliminary nature of these comparisons, several
trends are suggested. The PO x BW placentas show the same
trend (downregulation) of the one gene common to all three Mus
classes, namely Ramp2. The PO x BW placentas displayed three
genes with trends in common to those of eight shared by the clone
and M. spretus/B6 classes. The PO x BW placentas shared two
loci with the same trend (Zfp36/1 and Plac8) with those unique
to the M. spretus/B6 hybrids and one gene that displayed the
opposite trend (4da). In contrast, the PO x BW class showed
the same trend as eight genes unique in the Mus analysis to
the cloned placentae. No loci displayed opposite trends between
these two classes. Finally, the Esx/-knockout and PO x BW pla-
centas shared only two genes with the same trend, but seven genes
with opposite trends. The latter is intriguing owing to the very
dissimilar effects these two hyperplastic placental types have on
their associated embryos.

Many of the genes we have identified as misregulated in the
Peromyscus hybrids have been shown to be subject to epige-
netic regulation, including TimpI, Timp2, Timp3, Procollagen
I, S100a6/Calcyclin and Cdknlc/p57%P? (Guenette et al. 1992;
Wistuba et al. 2001; Feng et al. 2004; Fan et al. 2005; Rehman
et al. 2005; Chu et al. 2006). In addition, Cdknlc/p575P? is
an imprinted gene and is therefore regulated by epigenetic
modifications (Hatada et al. 1996). The finding that multiple
classes of genes regulated by DNA methylation are perturbed
in these Peromyscus hybrids is striking. Numerous studies
have now implicated DNA methylation in gene silencing apart
from heterochromatin, X-chromosome inactivation and genomic
imprinting (Baylin and Ohm 2006). It is now clear that epigenetic
marks play a significant role in regulating tissue- and tempo-
rally specific gene expression (Song et al. 2005). This suggests
that, in addition to genetic mutations, epigenetic misregulation of
genes may be responsible for developmental and growth defects
(Humpbherys et al. 2001). Indeed, many tumours have now been
shown to exhibit multiple epigenetic changes (Baylin and Ohm
20006).

Because the two Peromyscus strains used in the present study
represent natural populations, we believe this is the first report
to suggest a link between non-deleterious allelic variants and
control of multiple classes of epigenetically regulated loci. To
our knowledge, this is also the first study to broadly examine
changes in gene expression accompanying placental imprinting
perturbations at multiple loci.

Acknowledgements

This research was supported by grants from the American Cancer Society
(RSG-03-070-01-MGO) and March of Dimes (#5-FY03-17) to PBV, the
National Science Foundation (MCB-0093250) to RJO and the University
of Connecticut Research Foundation to RJO and MJO. The authors thank
the Center for Applied Genetics and Technology for Affymetrix support
and the Center for Molecular and Mitochondrial Medicine and Genetics for
assistance with microscopy and imaging.

References
Apte, S. S., Mattei, M. G., and Olsen, B. R. (1994). Cloning of the cDNA
encoding human tissue inhibitor of metalloproteinases-3 (TIMP-3) and

mapping of the TIMP3 gene to chromosome 22. Genomics 19, 86-90.
doi:10.1006/GENO.1994.1016

A. R. Duselis et al.

Arima, T., Matsuda, T., Takagi, N., and Wake, N. (1997). Association of IGF2
and H19 imprinting on choriocarcinoma development. Cancer Genet.
Cytogenet. 93, 39-47. doi:10.1016/S0165-4608(96)00221-X

Auffray, C. and Rougeon, F. (1980). Purification of mouse immunoglobulin
heavy-chain messenger RNAs from total myeloma tumor RNA. Eur. J
Biochem. 107, 303-314.

Baldin, V,, Lukas, J., Marcote, M. J., Pagano, M., and Draetta, G. (1993).
Cyclin D1 is a nuclear protein required for cell cycle progression in G1.
Genes Dev. 7, 812-821.

Baylin, S. B., and Ohm, J. E. (2006). Epigenetic gene silencing in cancer: a
mechanism for early oncogenic pathway addiction? Nat. Rev. Cancer 6,
107-116. doi:10.1038/NRC1799

Benzeno, S., Narla, G., Allina, J., Cheng, G. Z., Reeves, H. L., Banck, M. S.,
Odin, J. A., Diehl, J. A., Germain, D., and Friedman, S. L. (2004).
Cyclin-dependent kinase inhibition by the KLF6 tumor suppressor pro-
tein through interaction with cyclin D1. Cancer Res. 64, 3885-3891.
doi:10.1158/0008-5472.CAN-03-2818

Carbone, K., Pinto, N. M., Abrahamsohn, P. A., and Zorn, T. M.
(2006). Arrangement and fine structure of collagen fibrils in the
decidualized mouse endometrium. Microsc. Res. Tech. 69, 36-45.
doi:10.1002/JEMT.20265

Chen, P. L., Scully, P, Shew, J. Y., Wang, J. Y., and Lee, W. H. (1989).
Phosphorylation of the retinoblastoma gene product is modulated dur-
ing the cell cycle and cellular differentiation. Cell 58, 1193—1198.
doi:10.1016/0092-8674(89)90517-5

Chu, L. C., Eberhart, C. G., Grossman, S. A., and Herman, J. G. (2006).
Epigenetic silencing of multiple genes in primary CNS lymphoma. /nt.
J. Cancer 119, 2487-2491. doi:10.1002/1JC.22124

Cheung, A. N. (2003). Pathology of gestational trophoblastic diseases. Best
Pract. Res. Clin. Obstet. Gynaecol. 17, 849-868. doi:10.1016/S1521-
6934(03)00094-4

Constancia, M., Hemberger, M., Hughes, J., Dean, W., Ferguson-Smith, A.,
et al. (2002). Placental-specific IGF-II is a major modulator of pla-
cental and fetal growth. Nature 417, 945-948. doi:10.1038/NATURE
00819

Cross, J. C. (2006). Placental function in development and disease. Reprod.
Fertil. Dev. 18, 71-76. doi:10.1071/RD05121

Dawson, W. D. (1965). Fertility and size inheritance in a Peromyscus species
cross. Evolution Int. J. Org. Evolution 19, 44-55.

Del Sal, G., Ruaro, E. M., Utrera, R., Cole, C. N., Levine, A. ],
and Schneider, C. (1995). Gasl-induced growth suppression requires
a transactivation-independent p53 function. Mol. Cell. Biol. 15,
7152-7160.

Duselis, A. R., Wiley, C. D., O’Neill, M. J., and Vrana, P. B. (2005). Genetic
evidence for a maternal effect locus controlling genomic imprinting and
growth. Genesis 43, 155-165. doi:10.1002/GENE.20166

Fan, T., Hagan, J. P, Kozlov, S. V., Stewart, C. L., and Muegge, K. (2005).
Lsh controls silencing of the imprinted Cdknlc gene. Development 132,
635-644. doi:10.1242/DEV.01612

Farnsworth, R. L., and Talamantes, F. (1998). Calcyclin in the mouse decidua:
expression and effects on placental lactogen secretion. Biol. Reprod. 59,
546-552. doi:10.1095/BIOLREPROD59.3.546

Feinberg, A. P. (2000). DNA methylation, genomic imprinting and cancer.
Curr. Top. Microbiol. Immunol. 249, 87-99.

Feng, H., Cheung, A. N., Xue, W. C., Wang, Y., Wang, X., Fu, S.,
Wang, Q., Ngan, H. Y., and Tsao, S. W. (2004). Down-regulation
and promoter methylation of tissue inhibitor of metalloproteinase
3 in choriocarcinoma. Gynecol. Oncol. 94, 375-382. doi:10.1016/
J.YGYNO.2004.04.019

Frank, D., Fortino, W, Clark, L., Musalo, R., Wang, W., Saxena, A., Li, C. M.,
Reik, W., Ludwig, T., and Tycko, B. (2002). Placental overgrowth in mice
lacking the imprinted gene Ipl. Proc. Natl Acad. Sci. USA 99, 7490-7495.
doi:10.1073/PNAS.122039999



Gene expression changes in hybrid placentas

Guenette, D. K., Ritzenthaler, J. D., Foley, J., Jackson, J. D., and Smith, B. D.
(1992). DNA methylation inhibits transcription of procollagen alpha 2(I)
promoters. Biochem. J. 283, 699-703.

Hajkova, P, and Surani, M. A. (2004). Development. Programming the
X chromosome. Science 303, 633-634. doi:10.1126/SCIENCE. 1094408

Hatada, 1., and Mukai, T. (1995). Genomic imprinting of p57/KIP2, a
cyclin-dependent kinase inhibitor, in mouse. Nat. Genet. 11, 204-206.
doi:10.1038/NG1095-204

Hatada, I., Ohashi, H., Fukushima, Y., Kaneko, Y., Inoue, M., et al. (1996). An
imprinted gene p5S7KIP2 is mutated in Beckwith—Wiedemann syndrome.
Nat. Genet. 14, 171-173. doi:10.1038/NG1096-171

Humpherys, D., Eggan, K., Akutsu, H., Hochedlinger, K., Rideout, W. M.,
Biniszkiewicz, D., Yanagimachi, R., and Jaenisch, R. (2001). Epige-
netic instability in ES cells and cloned mice. Science 293, 95-97.
doi:10.1126/SCIENCE.1061402

Humpherys, D., Eggan, K., Akutsu, H., Friedman, A., Hochedlinger, K.,
Yanagimachi, R., Lander, E. S., Golub, T. R., and Jaenisch, R. (2002).
Abnormal gene expression in cloned mice derived from embryonic
stem cell and cumulus cell nuclei. Proc. Natl Acad. Sci. USA 99,
12 889-12 894. doi:10.1073/PNAS.192433399

Kass, D. H., Berger, F. G., and Dawson, W. D. (1992). The evolution of
coexisting highly divergent LINE-1 subfamilies within the rodent genus
Peromyscus. J. Mol. Evol. 35, 472-485. doi:10.1007/BF00160208

Kassiri, Z., and Khokha, R. (2005). Myocardial extra-cellular matrix and its
regulation by metalloproteinases and their inhibitors. 7hromb. Haemost.
93,212-219.

Khil, P. P, Smirnova, N. A., Romanienko, P. J., and Camerini-Otero, R. D.
(2004). The mouse X chromosome is enriched for sex-biased genes not
subject to selection by meiotic sex chromosome inactivation. Nat. Genet.
36, 642-646. doi:10.1038/NG1368

Kim, S. T, Lee, S. K., and Gye, M. C. (2005). The expression
of Cdk inhibitors p27kipl and p57kip2 in mouse placenta and
human choriocarcinoma JEG-3 cells. Placenta 26, 73—-80. doi:10.1016/
JPLACENTA.2004.04.008

Lam, P, Sian Lim, K., Mei Wang, S., and Hui, K. M. (2005). A
microarray study to characterize the molecular mechanism of TIMP-
3-mediated tumor rejection. Mol. Ther. 12, 144-152. doi:10.1016/
J.YMTHE.2005.02.028

Lee, M. H., Reynisdottir, I., and Massague, J. (1995). Cloning of p57KIP2,
a cyclin-dependent kinase inhibitor with unique domain structure and
tissue distribution. Genes Dev. 9, 639-649.

Lewis, A., and Reik, W. (2006). How imprinting centres work. Cytogenet.
Genome Res. 113, 81-89. doi:10.1159/000090818

Li, Y., and Behringer, R. R. (1998). Esx!1 is an X-chromosome-imprinted
regulator of placental development and fetal growth. Nat. Genet. 20,
309-311. doi:10.1038/3129

Loschiavo, M., Nguyen, Q. K., Duselis, A. R., and Vrana, P. B. (2007).
Mapping and identification of candidate loci responsible for peromyscus
hybrid overgrowth. Mamm. Genome 18, 75-85. doi:10.1007/S00335-
006-0083-X

Luu, H. H., Zhou, L., Haydon, R. C., Deyrup, A. T., Montag, A. G., et al.
(2005). Increased expression of s100a6 is associated with decreased
metastasis and inhibition of cell migration and anchorage indepen-
dent growth in human osteosarcoma. Cancer Lett. 229, 135-148.
doi:10.1016/J.CANLET.2005.02.015

Maddock, M. B., and Chang, M. C. (1979). Reproductive failure and
maternal—fetal relationship in a Peromyscus species cross. J. Exp. Zool.
209, 417-426. doi:10.1002/JEZ.1402090307

Matrisian, L. M. (1990). Metalloproteinases and their inhibitors in
matrix remodeling. 7rends Genet. 6, 121-125. doi:10.1016/0168-
9525(90)90126-Q

Matsuoka, S., Edwards, M. C., Bai, C., Parker, S., Zhang, P, Baldini, A.,
Harper, J. W,, and Elledge, S. J. (1995). pS7KIP2, a structurally distinct

Reproduction, Fertility and Development 707

member of the p21CIP1 Cdk inhibitor family, is a candidate tumor
suppressor gene. Genes Dev. 9, 650—662.

Monk, M. (1986). Methylation and the X chromosome. Bioessays 4,
204-208. doi:10.1002/BIES.950040505

Monk, M., Boubelik, M., and Lehnert, S. (1987). Temporal and regional
changes in DNA methylation in the embryonic, extraembryonic and
germ cell lineages during mouse embryo development. Development 99,
371-382.

Parker, M. L, Judge, K., and Gevers, W. (1982). Loss of type I procollagen
gene expression in SV40-transformed human fibroblasts is accompanied
by hypermethylation of these genes. Nucleic Acids Res. 10, 5879-5891.
doi:10.1093/NAR/10.19.5879

Pedersen, J. A., and Swartz, M. A. (2005). Mechanobiology in the third
dimension. Ann. Biomed. Eng. 33, 1469-1490. doi:10.1007/S10439-
005-8159-4

Prockop, D. J. (1985). Mutations in collagen genes. Consequences for rare
and common diseases. J. Clin. Invest. 75, 783-787.

Raefski, A. S., and O’Neill, M. J. (2005). Identification of a clus-
ter of X-linked imprinted genes in mice. Nat. Genet. 37, 620-624.
doi:10.1038/NG1567

Rees, W.,, Hay, S. M., Fontanier-Razzaq, N. C., Antipatis, C., and
Harries, D. N. (1999). Expression of the growth arrest genes (GAS
and GADD) changes during organogenesis in the rat fetus. J. Nutr. 129,
1532-1536.

Rehman, I., Cross, S. S., Catto, J. W., Leiblich, A., Mukherjee, A., Azzouzi, A.
R., Leung, H. Y., and Hamdy, F. C. (2005). Promoter hyper-methylation
of calcium binding proteins SI00A6 and S100A2 in human prostate
cancer. Prostate 65, 322-330. doi:10.1002/PROS.20302

Reik, W., Collick, A., Norris, M. L., Barton, S. C., and Surani, M. A.
(1987). Genomic imprinting determines methylation of parental
alleles in transgenic mice. Nature 328, 248-251. doi:10.1038/
328248A0

Reik, W., Constancia, M., Fowden, A., Anderson, N., Dean, W., Ferguson-
Smith, A., Tycko, B., and Sibley, C. (2003). Regulation of supply
and demand for maternal nutrients in mammals by imprinted genes.
J. Physiol. 547, 35—44. doi:10.1113/JPHYSIOL.2002.033274

Rogers, J. F, and Dawson, W. D. (1970). Foetal and placental size in a
Peromyscus species cross. J. Reprod. Fertil. 21, 255-262.

Sanford, J. P, Clark, H. J., Chapman, V. M., and Rossant, J. (1987). Differ-
ences in DNA methylation during oogenesis and spermatogenesis and
their persistance during early embryogenesis in the mouse. Genes Dev.
1, 1039-1046.

Sapienza, C., Peterson, A. C., Rossant, J., and Balling, R. (1987). Degree of
methylation of transgenes is dependent on gamete of origin. Nature 328,
251-254. doi:10.1038/328251A0

Singh, U., Fohn, L. E., Wakayama, T., Ohgane, J., Steinhoff, C., et al. (2004).
Different molecular mechanisms underlie placental overgrowth pheno-
types caused by interspecies hybridization, cloning, and Esx/ mutation.
Dev. Dyn. 230, 149-164. doi:10.1002/DVDY.20024

Soares, M. J. (2004). The prolactin and growth hormone families: pregnancy-
specific hormones/cytokines at the maternal—fetal interface. Reprod.
Biol. Endocrinol. 2, 51-65. doi:10.1186/1477-7827-2-51

Soares, M. J., Muller, H., Orwig, K. E., Peters, T. J., and Dai, G. (1998).
The uteroplacental prolactin family and pregnancy. Biol. Reprod. 58,
273-284. doi:10.1095/BIOLREPROD58.2.273

Song, F., Smith, J. F, Kimura, M. T., Morrow, A. D., Matsuyama, T.,
Nagase, H., and Held, W. A. (2005). Association of tissue-specific
differentially methylated regions (TDMs) with differential gene
expression. Proc. Natl Acad. Sci. USA 102, 3336-3341. doi:10.1073/
PNAS.0408436102

Spurbeck, W. W., Ng, C. Y., Strom, T. S., Vanin, E. F.,, and Davidoff, A. M.
(2002). Enforced expression of tissue inhibitor of matrix
metalloproteinase-3 affects functional capillary morphogenesis and



708 Reproduction, Fertility and Development

inhibits tumor growth in a murine tumor model. Blood 100, 3361-3368.
doi:10.1182/BLOOD.V100.9.3361

Suemizu, H., Aiba, K., Yoshikawa, T., Sharov, A. A., Shimozawa, N.,
Tamaoki, N., and Ko, M. S. (2003). Expression profiling of placen-
tomegaly associated with nuclear transplantation of mouse ES cells. Dev.
Biol. 253, 36-53. doi:10.1006/DBI0.2002.0870

Sutherland, R., and Musgrove, E. A. (2004). Cyclins and breast cancer.
J. Mammary Gland Biol. Neoplasia 9, 95-104. doi:10.1023/B:JOMG.
0000023591.45568.77

Swain, J. L., Stewart, T. A., and Leder, P. (1987). Parental legacy
determines methylation and expression of an autosomal transgene:
a molecular mechanism for parental imprinting. Cell 50, 719-727.
doi:10.1016/0092-8674(87)90330-8

Takahashi, K., Kobayashi, T., and Kanayama, N. (2000). p57(Kip2)
regulates the proper development of labyrinthine and spongiotro-
phoblasts. Mol. Hum. Reprod. 6, 1019-1025. doi:10.1093/MOLEHR/
6.11.1019

Takeda, S., and Paszkowski, J. (2005). DNA methylation and epigenetic
inheritance during plant gametogenesis. Chromosoma 115, 1-9.

Thordarson, G., Southard, J. N., and Talamantes, F. (1991). Purification and
characterization of mouse decidual calcyclin: a novel stimulator of mouse
placental lactogen-II secretion. Endocrinology 129, 1257-1265.

Tilghman, S. (1999). The sins of the fathers and mothers: genomic imprinting
in mammalian development. Cell 96, 185-193. doi:10.1016/S0092-
8674(00)80559-0

Tonini, G. P, Casalaro, A., Cara, A., and Di Martino, D. (1991). Inducible
expression of calcyclin, a gene with strong homology to S-100 protein,
during neuroblastoma cell differentiation and its prevalent expression in
Schwann-like cell lines. Cancer Res. 51, 1733-1737.

Vrana, P. B., Guan, X. J., Ingram, R. S., and Tilghman, S. M. (1998). Genomic
imprinting is disrupted in interspecific Peromyscus hybrids. Nat. Genet.
20, 362-365. doi:10.1038/3833

Vrana, P. B., Fossella, J. A., Matteson, P., del Rio, T., O’Neill, M. I,
and Tilghman, S. M. (2000). Genetic and epigenetic incompatibilities
underlie hybrid dysgenesis in Peromyscus. Nat. Genet. 25, 120-124.
doi:10.1038/75518

Vrana, P. B., Matteson, P. G., Schmidt, J. V., Ingram, R. S., Joyce, A.,
Prince, K. L., Dewey, M. J., and Tilghman, S. M. (2001). Genomic

A. R. Duselis et al.

imprinting of a placental lactogen in Peromyscus. Dev. Genes Evol. 211,
523-532. doi:10.1007/S00427-001-0188-X

Walter, 1., and Schonkypl, S. (2006). Extracellular matrix components
and matrix degrading enzymes in the feline placenta during gestation.
Placenta 27, 291-306. doi:10.1016/J PLACENTA.2005.02.014

Weksberg, R., Teshima, I., Williams, B. R., Greenberg, C. R., and
Pueschel, S. M. (1993). Molecular characterization of cytogenetic
alterations associated with the Beckwith—Wiedemann syndrome (BWS)
phenotype refines the localization and suggests the gene for BWS is
imprinted. Hum. Mol. Genet. 2, 549-556.

Whitelaw, P. E, and Croy, B. A. (1996). Granulated lymphocytes of
pregnancy. Placenta 17, 533-543.

Wistuba, 1. I, Gazdar, A. F, Minna, J. D. (2001). Molecular genet-
ics of small cell lung carcinoma. Semin. Oncol. 28(Suppl.), 3—13.
doi:10.1016/S0093-7754(01)90072-7

Wu, L., de Bruin, A., Saavedra, H. I, Starovic, M., Trimboli, A., et al. (2003).
Extra-embryonic function of Rb is essential for embryonic development
and viability. Nature 421, 942-947. doi:10.1038/NATURE(01417

Yue, H., and Jiang, H. Y. (2005). Expression of cell cycle regulator p57kip2,
cyclinE protein and proliferating cell nuclear antigen in human pancre-
atic cancer: an immunohistochemical study. World J. Gastroenterol. 11,
5057-5060.

Zechner, U., Reule, M., Orth, A., Bonhomme, F., Strack, B., Guenet, J. L.,
Hameister, H., and Fundele, R. (1996). An X-chromosome linked locus
contributes to abnormal placental development in mouse interspecific
hybrids. Nat. Genet. 12, 398-403. doi:10.1038/NG0496-398

Zechner, U., Shi, W., Hemberger, M., Himmelbauer, H., Otto, S., et al. (2004).
Divergent genetic and epigenetic post-zygotic isolations mechanisms in
Mus and Peromyscus. J. Evol. Biol. 17, 453-460. doi:10.1046/J.1420-
9101.2003.00656.X

Zhang, P, Wong, C., DePinho, R. A., Harper, J. W., and Elledge, S. J. (1998).
Cooperation between the Cdk inhibitors p27KIP1 and p57KIP2 in the
control of tissue growth and development. Genes Dev. 12, 3162-3167.

Manuscript received 21 January 2007, accepted 6 May 2007

http://www.publish.csiro.au/journals/rfd



