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The distal end of mouse chromosome 7 (Chr 7) contains a large cluster of imprinted genes. In this region
two cis-acting imprinting centers, IC1 (H19 DMR) and IC2 (KvDMR1), define proximal and distal subdo-
mains, respectively. To assess the functional independence of IC1 in the context of Chr 7, we developed a
recombinase-mediated chromosome truncation strategy in embryonic stem cells and generated a terminal
deletion allele, DelTel7, with a breakpoint in between the two subdomains. We obtained germ line transmission
of the truncated Chr 7 and viable paternal heterozygotes, confirming the absence of developmentally required
paternally expressed genes distal of Ins2. Conversely, maternal transmission of DelTel7 causes a midgesta-
tional lethality, consistent with loss of maternally expressed genes in the IC2 subdomain. Expression and DNA
methylation analyses on DelTel7 heterozygotes demonstrate the independent imprinting of IC1 in absence of
the entire IC2 subdomain. The evolutionarily conserved linkage between the subdomains is therefore not
required for IC1 imprinting on Chr 7. Importantly, the developmental phenotype of maternal heterozygotes is
rescued fully by a paternally inherited deletion of IC2. Thus, all the imprinted genes located in the region and

required for normal development are silenced by an IC2-dependent mechanism on the paternal allele.

The 1-Mb imprinted domain on distal chromosome 7 (Chr
7) shares syntenic homology to the Beckwith-Wiedemann syn-
drome (BWS) region on human Chr 11p15.5 (69). Located less
than 3 Mb from the telomere (Tel7q), this region contains two
imprinting centers, IC1 and IC2. These conserved imprinting
control elements are cis-acting sequences which carry opposite
germ line DNA methylation marks and regulate the monoal-
lelic expression of different flanking genes (9). In the proximal
part of the Chr 7 domain, IC1 is located 2 kb upstream of the
H19 promoter (Fig. 1A) (66). This sequence acquires a pater-
nal DNA methylation imprint established during spermatogen-
esis and maintained throughout development (4, 24, 67). The
methylated IC1 is required to initiate silencing of the paternal
H19 allele (65), whereas the maternal IC1 controls the pater-
nally expressed genes Igf2 and Ins2 via a methylation-sensitive
insulator (6, 35). Distally, IC2 is located in intron 10 of Kcng!
(Fig. 1A). This sequence is marked by a maternal DNA meth-
ylation imprint acquired during oogenesis (19). The unmethyl-
ated paternal IC2 is associated with the production of the
Kcnglotl noncoding RNA (ncRNA) and the silencing in cis of
several genes in this subdomain (26). Consequently, these pro-
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tein-coding genes are imprinted and expressed preferentially
from the maternal Chr 7 homologue (62). These maternally
expressed genes (MEGs) include transcripts expressed in the
placenta and required for embryonic development, such as
Ascl2 (31, 32), Cdknlc (36), and Phlda2 (58). As in the case of
IC1, IC2 appears to carry different allele-specific functions,
such as promoter, enhancer, and CTCF binding insulator ac-
tivities (25, 39).

Transgenic and knockout studies have suggested that the
imprinting centers IC1 and IC2 function independently of each
other, thereby defining two imprinted subdomains on distal
Chr 7, despite the evolutionarily conserved linkage between
these cis-acting sequences (2, 8, 9, 18, 26). However, the pos-
sibility of functional interactions between the two linked sub-
domains containing these ICs, as suggested by BWS cases (41,
62), or the presence of other shared elements required by both
ICs have not been studied in the context of Chr 7. To address
these issues and assess directly the ability of IC1 to function as
an independent imprinting center in the context of distal Chr
7, we generated a truncated Chr 7 variant in which the entire
IC2 subdomain is deleted. For the engineering of this terminal
deletion, we developed a new strategy for chromosome trun-
cation in embryonic stem (ES) cells, termed recombinase-me-
diated chromosome truncation (RMCT). The specificity of this
approach is conferred by two consecutive steps: (i) targeting of
a loxP site at the desired chromosomal location of the break-
point; (ii) Cre-mediated recombination in frans between the
genomic loxP site and a second loxP site provided by an in-
coming linear vector carrying a terminal array of telomere
repeats, known to act as telomere seeds in telomerase-positive
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FIG. 1. Structure of the imprinted domain on distal Chr 7 and strategy for RMCT. (A) Ideogram of Chr 7 (left) and imprinted gene
organization (right) in the distal band 7F5. Genes expressed preferentially from the maternal (white) or paternal (black) homologue, as well as
known biallelically expressed transcripts (gray), are identified, with arrows showing their transcriptional orientation. Several nonimprinted genes
and novel annotated transcripts also map telomeric to the imprinted domain, in a ~1.6-Mb region of distal Chr 7. The map also shows the positions
of the known imprinting centers (IC1 and IC2) and that of the targeted loxP site insertion allele I2/oxP used in this study (arrowhead). (B) Close-up
maps of the Ins2 region in I2loxP/+ ES cells and two novel alleles. Shown are structures of the wt Ins2 gene and of the Ins2”?*" allele (I2loxP),
as found in G418-sensitive heterozygous I2/oxP/+ ES cells (left). The I2/oxP allele is the targeted insertion of a loxP site followed by a promoterless
neo-pA cassette (loxP-neo-pA) upstream of Ins2. Deletion of the Chr 7 sequences distal of 72loxP by RMCT was achieved by coelectroporation of
a Cre recombinase expression vector together with a linear replacement vector (middle) carrying a terminal array of telomere repeats (Tel array),
a pCX-eGFP reporter (56), and a PGK promoter-loxP construct (PGK-loxP). Cre recombination in trans between I2loxP on Chr 7 and the vector
regenerates an active PGK-loxP-neo-pA-selectable marker and yields the DelTel7 or Tel7KI alleles in G418-resistant derivatives of 12loxP/+ cells
(right). In DelTel7, Chr 7 is truncated by RMCT and sequences distal of the /2/oxP breakpoint are replaced by the vector from the loxP site to
the array of TTAGGG telomeric repeats. Tel7KI is an insertion (pop-in) of the circular replacement vector at I2/oxP. Tel7q, Chr 7 distal telomere;
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cells (33). Following RMCT, the vector with the telomere
repeats replaces the chromosomal fragment distal of the
breakpoint, thus generating a site-specific terminal deletion, or
truncation of the desired chromosome.

In this report, we used RMCT to engineer a terminal dele-
tion on Chr 7 in ES cells, the DelTel7 allele, with a breakpoint
immediately distal of the IC1 subdomain. We present the con-
struction and characterization of this allele in ES cells, the
germ line transmission of the truncated Chr 7 variant, and the
generation of the first mouse line with an engineered telomere.
For the first time, we were able to analyze the independent
imprinting of IC1 on Chr 7, and we demonstrate that the
H19-Igf2-Ins2 proximal subdomain is able to acquire and main-
tain appropriate epigenetic identity in the absence of the entire
IC2 subdomain. The DelTel7 deficiency also allowed us to
characterize the phenotype associated with loss of the entire
IC2 subdomain and to demonstrate the central role played by
IC2 in the epigenetic silencing of all the developmentally re-
quired genes on distal Chr 7. Our work also establishes RMCT
as a new avenue for chromosome engineering in the mouse
and for the generation of mouse lines with specifically tailored
telomeres.

MATERIALS AND METHODS

Plasmid constructions. The positive selectable marker neo was chosen to
construct complementary bipartite cassettes that can be partially collapsed or
recycled using the Cre-loxP recombinase system. In the first cassette, PGK-loxP-
neo-pA-loxP, the neo-pA is flanked by loxP sites. In the second cassette, it is the
PGK promoter alone which can be deleted by Cre (loxP-PGK-loxP-neo-pA). A
PGK-loxP-neo-pA construct, common to both cassettes, was first obtained by
subcloning the 0.5-kb EcoRI-PstI (blunt) PGK promoter fragment of plasmid
pPGKRB-geobpA (27) into the EcoRI-Smal sites of plasmid pBS65, which con-
tains a single loxP site inserted into pSP65 (51). pBS65 is similar to pBS64 (60)
but with the loxP in the opposite orientation. In pPGK-loxP, the loxP site is

oriented as follows: ECORI-PGK pro(Pstl/Smal)-BamHI-loxP (5'-ATAACTTC
GTATAATGTATGCTATACGAAGTTAT-3")-PstI-HindIII. A 1.0-kb blunt
EcoRI-Spel neo-pA fragment from pneobpA, a subclone of neo-bpA from
pMClneopA (Stratagene) into pBlueScript KS(—) (Nagy lab), was inserted into
the blunt PstI site of pPGK-loxP to obtain pPGK-loxP-neo-pA. This cassette was
subcloned back into pBS65 as a blunt 1.5-kb EcoRI-HindIII fragment in two
different ways: (i) in the blunt EcoRI-Smal sites, 5" of the loxP site, to obtain
pPGK-loxP-neo-pA-loxP, or (ii) into the blunt PstI site, 3" of the loxP site, to
obtain ploxP-PGK-loxP-neo-pA. These two constructs, which provided the com-
plementary components for positive selection of RMCT, were shown to confer
G418 resistance in ES cells.

The targeting vector to generate the /2 insertional allele was based on the
5.0-kb EcoRI Ins2 genomic clone P11, isolated from a 129/Sv genomic library and
obtained from Jacques Jami (17). A flanking Spel site from the pSK+ vector was
first destroyed by filling with Klenow. The loxP-PGK-loxP-neo-pA cassette was
then inserted in this genomic clone as a blunt EcoRI-Xhol fragment into the
blunt Spel site, located 2.6 kb upstream of the transcription start site of Ins2,
such that both genes were in the same transcriptional orientation. The resulting
targeting vector (pI2TV), shown in its Notl-linearized form in Fig. 2A, has 5" and
3" arms of homology of 2.9 and 2.1 kb, respectively.

The vector used for RMCT contains an array of telomere repeats, a ubiquitous
enhanced green fluorescent protein (eGFP) reporter, and a PGK promoter-loxP
unit (PGK-loxP) designed to activate the promoterless loxP-neo-pA cassette of
the I2loxP allele, following site-specific Cre-mediated recombination in trans
(Fig. 1). The 1.6-kb BamHI-BglII fragment from plasmid pSX-neo-1.6-T,AG;
(33), carrying two 0.8-kb tandem arrays of T,AG; repeats, was cloned into
BamHI-digested pCAGGS-eGFP (pCX-eGFP) (56). In pCX-eGFP-Telb, the
unique NotI site of the insert is adjacent to the PstI site and poly(A) sequence
of pCX-eGFP, such that the arrays are oriented toward the eGFP cassette. The
PGK-loxP unit was generated by in vitro Cre treatment of pM2TV, carrying the
PGK-loxP-neo-pA-loxP cassette inserted in 3'-flanking sequences from the Asc/2
locus (L. Lefebvre, unpublished data), to form pM2TV-Cre. A 2.4-kb EaglI-Nsil
fragment of pM2TV-Cre was subcloned into pCX-eGFP-Telb digested with NotI
and PstI to form the vector pCX-eGFP-Telb-PGK-loxP. This telomere-seeding
replacement vector is represented in its Notl-linearized form in Fig. 1B.

Generation of I2loxP/+ embryonic stem cells. The mouse ES cell lines are all
derived from the R1 line (54). Maintenance, electroporation, selection, and
aggregation of ES cells followed standard procedures (53). The I2loxP/+ ES cells
used for RMCT were generated by two steps: targeting of the I2 allele and Cre
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FIG. 2. Targeted loxP site insertion distal of the IC1 subdomain on
distal Chr 7. The breakpoint for truncation on Chr 7 was established by
targeting of a loxP site 2.6 kb upstream of the Ins2 gene. (A) The
heterozygous I2loxP/+ ES cells used for RMCT were derived by two
successive steps in R1 ES cells, detailed in these representations of the
Ins2 locus oriented from the telomere (Tel7q) on the left to the
centromere (Cen). First, the wt Ins2 gene was modified by the targeted
insertion of a loxP-PGK-loxP-neo-pA cassette in the Spel site (S) up-
stream of Ins2 to generate the Ins2? (or 12) allele. Targeted clones
were identified by Southern blot analysis of ES cell genomic DNA
digested with Pstl (P) and hybridized to a 5'-flanking probe (B). In
addition to the wt 9.2-kb band seen in R1 ES cells (lane 1) and an
untargeted clone (lane 4), I2/+ cells have a new 8.2-kb band indicative
of targeting of the Ins2 locus (lanes 2, 3, 5, and 6). The structure of the
3’ end was also confirmed with a 3’ internal probe (see Fig. 3B, below).
Second, the loxP-flanked PGK promoter of the 12 allele was deleted by
transient production of Cre recombinase from an electroporated ex-
pression vector. Individual colonies were picked and expanded in du-
plicates, and G418-sensitive clones were identified and kept for further
analysis. The Cre-mediated deletion of the PGK promoter, to form the
loxP allele, was confirmed by Southern blot analysis (see Fig. 3B,
below) and by genomic PCR (C). PCRs specific to the wt (Ins2),
targeted (I12), and excised (I2loxP) alleles, using a common forward
primer, were used to monitor the presence of the /2 allele in parental
12/+ ES cells (lane 1) and its modification to I2loxP in G418° Cre-
electroporated clones (lanes 2 and 3). Lane a, R1 ES cell DNA; lane
b, water control.

excision of the PGK promoter. First, R1 ES cells were electroporated with ~20
wg of the 12 targeting vector pI2TV, linearized with Notl. Individual colonies of
neo-expressing cells were recovered after 8 to 10 days of selection with G418
(G9516; Sigma) at 150 pg/ml, picked, and expanded for analysis. A confirmed
positive 12/+ targeted clone was expanded and electroporated with ~20 pg of
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the circular Cre expression vector pCX-nlsCre-puro (A. Nagy, unpublished
data). At 24 h postelectroporation, cells were maintained under puromycin
(P8833; Sigma) selection (1.5 pg/ml) for 48 h to enrich for cells transiently
expressing Cre. Clones in which the loxP-flanked PGK promoter of the /2 allele
has been deleted were identified by G418 sensitivity. The structure of the result-
ing allele, called I2/oxP, was confirmed by analysis of genomic DNA (PCR and
Southern blotting). A confirmed heterozygous I2loxP/+ ES cell clone was ex-
panded for RMCT. The Ins2? and Ins2'?°** insertions have the official allele
names Ins2™Ne® and Ins21-INe@ | respectively.

Modification of distal Chr 7 by RMCT in ES cells. The heterozygous I2loxP/+
cells used here for RMCT are G418-sensitive cell carrying a promoterless loxP-
neo-pA insertion 5’ of Ins2. This silent neo marker can be activated by the
Cre-catalyzed delivery of a PGK promoter from a PGK-loxP cassette such as the
one cloned into our replacement vector (34). For RMCT, ~6 X 10° heterozygous
Ins2"°PI+ ES cells were electroporated with ~30 wg of Notl-linearized pCX-
eGFP-Telb-PGK-loxP and a Cre expression vector as described above. Following
2 days of puromycin selection, positive clones were recovered after 6 to 8 days of
G418 selection (150 pg/ml). G418-resistant colonies were picked and expanded
as described previously (53). We never observed G418-resistant colonies from
Ins2!2><PI+ ES cells electroporated with pCX-nlsCre-puro alone. This observed
null rate of spontaneous reversion, together with the absence of neo sequences in
the electroporated vectors, contributed to a high rate of site-specific insertion
(100%) in the few G418-resistant clones obtained (~50 colonies per electropo-
ration).

Mice. Outbred ICR mice (Harlan) were used for aggregations with ES cells to
generate chimeras and to maintain the DelTel7 line. Six recipient females were
used per ES cell line aggregated; 18 to 19 embryos were transferred to each
pseudopregnant female. The IC2KO mice (KvDMRI1 deletion) were originally
generated in a 129/SvJae (129S4) ES cell line and maintained on the C57BL/6J
background (26). For the phenotypic rescue experiments, we used +/IC2KO
heterozygous males maintained on C57BL/6J or ICR backgrounds. Similar re-
sults were obtained with each background, and the data were pooled (see Table
2, below). The Ascl2 (Mash2) knockout allele (Asci2”*/47) has been published
and was maintained on an ICR background (32). For allele-specific studies, we
used reciprocal crosses between +/DelTel7 heterozygotes and 129S1/SvimJ X
CAST/Ei] F, mice, (129CAST)F,. To distinguish reciprocal heterozygotes, all
the crosses and genotypes presented in this study give the maternal allele first
(maternal/paternal), such that +/DelTel7 and DelTel7/+ embryos have inher-
ited the DelTel7 allele paternally and maternally, respectively.

DNA FISH and SKY analysis. ES cells and embryonic fibroblasts were har-
vested following a 4-hour treatment with Colcemid (0.05 pg/ml). Subsequently,
cells were exposed to 0.075 M KCI hypotonic treatment for 20 min at 37°C and
then fixed in three changes of methanol-acetic acid (3:1 ratio). The suspension of
fixed cells was dropped onto slides to obtain metaphase spreads. The structure of
distal Chr 7 in mutant ES cell lines was analyzed by DNA fluorescence in situ
hybridization (FISH) using probes generated from P1-derived artificial chromo-
some (PAC) clones spanning the H19 (29G9) and Th (231E13) genes (13). PAC
DNA was directly labeled with Spectrum Green (H19) or Spectrum Orange (7h)
using a nick translation kit (Vysis, Downers Grove, IL). PAC DNA labeling,
consequent hybridization to ES cells metaphase spreads, and posthybridization
washes were carried out according to the nick translation kit protocol (Vysis,
Downers Grove, IL). For spectral karyotyping (SKY) analysis, metaphase
spreads were obtained from primary embryonic fibroblasts derived from embry-
onic day 14.5 (E14.5) embryos heterozygous for the DelTel7 allele and their
wild-type littermates. The SKY mouse probe from Applied Spectral Imaging
(ASI; Carlsbad, CA) was hybridized to the prepared slides following the manu-
facturer’s instructions. The SKY metaphase images were captured using an SD
200 spectral bio-imaging system (ASI Ltd., MigdalHaemek, Israel) attached to
an Axioplan 2 microscope (Zeiss, Canada). Captured metaphase images were
analyzed using the SKYView software version 1.6.2 (ASI, Carlsbad, CA). Ten
SKY metaphase spreads were karyotyped according to spectral and inverted
4’,6'-diamidino-2-phenylindole images. Description of chromosomal changes
followed the ISCN 2005 guidelines and standard mouse chromosome nomen-
clature.

Genotyping. PCR genotyping was performed on purified ES cell genomic
DNA or on crude lysates from yolk sacs or ear punches (53). All primer se-
quences are given in Table S1 in the supplemental material. Note that the A5’
PCR is specific to DelTel7 and Tel7KI, whereas the A3’ PCR is also shared with
12 (see Fig. 3, below). In reciprocal crosses, the Mus mus castaneus (CAST) Chr
7 was identified by a single nucleotide polymorphism (SNP) in exon 3 of Ascl2.
For this assay, primers in2F1 and 726R were used to amplify a 511-bp PCR
product which was then digested with Hpall; the CAST allele yields 198-bp and
313-bp fragments, whereas Mus domesticus alleles have an extra Hpall recogni-
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tion site and give products of 96, 198, and 217 bp. For the phenotypic rescue
experiments, +/DelTel7 females were bred to +/IC2KO males and progeny were
genotyped using the DelTel7 PCR (A5’) (see Fig. 3A, below) and reactions
specific for the IC2KO allele (primers KvDMR1 F90+ R322) or IC2 wild-type
(wt) allele (primers KvDMR1 F239+ R240).

Southern blot analyses. Preparation of genomic DNA from ES cell clones and
Southern blot analysis were performed as described previously (44). Positive
targeted 12/+ ES cell clones were identified by Southern blotting of PstI-digested
ES cell genomic DNA and hybridization with a 5’-flanking probe, a 1.3-kb Accl
fragment purified from an Ins2 cosmid clone (obtained from A.-K. Hadjan-
tonakis) (Fig. 2). The structure of the 3’ end was also confirmed using the 3’
probe on genomic DNA digested with EcoRI (see Fig. 3B, below) and several
other restriction enzymes (L. Lefebvre, data not shown). The analysis of RMCT
clones was performed on EcoRI-digested genomic DNA. The 5’ probe is the
3.0-kb EcoRI-Spel fragment from the Ins2 5'-flanking region immediately up-
stream of the loxP site insertion in I2/oxP (at the Spel site). The 3" probe is the
1.6-kb HindIII-EcoRI fragment located in between the loxP insertion site and
exon 1 of Ins2. These probes were purified from the Ins2 genomic clones P11 and
P13 (17). Methylation at IC2 was analyzed with Spel-Smal digests of ES cell
genomic DNA probed with the Kcngl intronic probe sc34 (62). This probe
detects bands of 6.6 and 3.3 kb for methylated and unmethylated IC2 molecules,
respectively (see Fig. 3E, below). For the IC1 methylation analysis (see Fig. 6B,
below), genomic DNA was prepared from E14.5 CAST/DelTel7 embryos and
digested with SacI-EcoRI with and without the methylation-sensitive enzyme
Clal. Maternal CAST and paternal M. domesticus alleles were distinguished by a
Sacl restriction fragment length polymorphism within IC1 (see Fig. 6B, below)
(66). The probe is the 0.7-kb Hpall-Clal fragment of IC1, purified from a
genomic clone of the H19 upstream sequences (3.8-kb EcoRI fragment, cloned
into pBluescript II KS; obtained from Mika Tanaka).

DNA bisulfite modification and sequencing. Genomic DNA samples isolated
from reciprocal CAST/DelTel7 and DelTel7/CAST E9.5 embryos were subjected
to bisulfite modification, PCR amplification, subcloning, and sequencing as de-
scribed elsewhere (10). For IC1 (H19 DMR) (see Fig. 6A, below), nested PCRs
encompassing known M. domesticus/M. castaneus SNPs were carried out as
described previously (see Table S1 in the supplemental material for primer
modifications), with primers BMsp2t1 and BHhalt3 followed by BMsp2t2.2 and
BHha2t4.2 (12). For IC2 (KvDMR1) (see Fig. 5A, below), the assays were
performed as described with primers Kenqlotl OF plus Kenqlotl OR followed
by Kenqlotl IF plus Kenqlotl IR (19). The parental alleles are distinguished by
an AS50C transversion, identified by sequencing CAST genomic DNA (M.
domesticus A50/ M. castaneus C50). PCR products were cloned into the pGEM-T
vector (Promega) and transformed into TOP10 cells (Invitrogen). Primer se-
quences are available in Table S1 of the supplemental material. For each DNA
sample, we performed two independent bisulfite treatments; each bisulfite-
treated DNA was amplified in two independent PCRs. We sequenced three to
five cloned stands per PCR and analyzed the data using BiQ Analyzer (7).

Allele-specific expression analysis. Random-primed cDNA (SuperScript II)
was generated from E9.5 placental and embryonic RNA samples (purified using
TRIzol), collected from reciprocal crosses between +/DelTel7 and
(129CAST)F, mice. The H19 reverse transcription-PCR (RT-PCR) (see Fig. 6C,
below) was carried out as described previously (66), with primers RT1 and RT2.
The 640-bp product was digested with Smal and Cac8I, which yielded fragments
of 352, 244, and 44 bp for the 129 allele and 244, 222, 130, and 44 bp for the
CAST allele. The 44-bp band is not visible in Fig. 5C, below. For Igf2, RT-PCR
(see Fig. 6C, below) was carried out with primers Igf2F and Igf2R2. The 207-bp
product was digested with Tsp5091, yielding multiple bands with the largest being
183 bp and 170 bp for the 129 and CAST alleles, respectively. For Kenglotl (see
Fig. 5B, below), cDNA amplification was carried out with primers Lit1r4F and
Litlr4R as described elsewhere (68), yielding a 300-bp product. Primer se-
quences are available in Table S1 of the supplemental material.

RESULTS

Engineering of a 2.6-Mb terminal deletion by RMCT in ES
cells. The imprinted domain on distal Chr 7 is close to the
Tel7q telomere, spanning ~2.75 to 1.6 Mb from Mrgprd, the
most distal gene identified on the current Chr 7 sequence
(Ensembl release 46, August 2007) (Fig. 1A). Telomeric to the
imprinted domain itself, the last 1.6-Mb region of Chr 7 con-
tains several known and novel protein-coding genes. No im-
printing effects have been described in this region. Because of
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this telomeric position, we considered the possibility of using
the Cre-loxP system to engineer a terminal deletion leaving the
proximal IC1 subdomain intact but deleting everything distal
of Ins2, the most telomeric transcriptional unit known to be
regulated by IC1 (15, 29). To establish the breakpoint for this
truncation on Chr 7, first we derived ES cells carrying a pro-
moterless loxP-neo-pA insertion targeted upstream of Ins2
(Fig. 1B). This allele, called Ins2"?*** or I2loxP, was obtained
by insertion of a loxP-PGK-loxP-neo-pA cassette at the Ins2
locus by homologous recombination in R1 ES cells to generate
the Ins2? allele (or 12), followed by Cre-mediated deletion of
the loxP-flanked PGK promoter (Fig. 2). ES cells carrying the
2loxP allele do not express the neo marker, are sensitive to
G418, and provide a strong selection for efficient Cre-mediated
site-specific integrations (28, 34). We constructed a replace-
ment vector carrying a telomere seed (a cloned array of T,AG,
repeats) and a PGK promoter-loxP cassette suitable to acti-
vate the silent neo marker at I2/oxP (Fig. 1B). Cre-mediated
recombination between this linear vector and I2loxP can
produce two new alleles: the desired truncation of Chr 7 by
RMCT (DelTel7 allele) and a simple insertion of the vector
(Tel7KI allele) (Fig. 1B).

We electroporated ES cells heterozygous for the I2loxP al-
lele with the linearized replacement vector plus a Cre recom-
binase-expressing construct and selected for activation of the
promoterless neo marker. From ~50 G418-resistant clones
recovered, 24 colonies were picked and expanded for Southern
blot analysis. These ES cell clones all showed evidence of
site-specific recombination at I2loxP. This was demonstrated
by loss of the proximal 3.2-kb EcoRI band of I2loxP and gain
of a new 3.8-kb band, indicating delivery of the PGK promoter
at 2loxP (Fig. 3A and B, 3’ probe). In 22 clones, the distal
2.9-kb I2loxP band hybridizing to the 5" probe was deleted, as
expected for the structure of DelTel7 (Fig. 3B, 5’ probe). Two
clones, such as clone 5 in Fig. 3B, showed a structure consistent
with a simple insertion of the vector (Tel7KI allele), with
retention of the 2.9-kb I2/oxP band and no loss of distal Chr 7
sequences. Such an insertion at I2/loxP might have occurred
because of residual circular vector or via an intermediate array
of multimerized vectors recircularized and inserted by Cre.
The structures of both of these new alleles were also confirmed
by PCRs amplifying novels junctions (Fig. 3A and C).

To provide cytogenetic evidence for the Chr 7 truncation, we
performed DNA FISH on metaphase spreads from ES cells,
using genomic PAC clones from regions proximal (H19) and
distal (Th) to the I2loxP breakpoint as probes. Parental cells
(I2loxP/+) as well as those with the simple insertion
(Tel7KI/+, clone 5) gave signals for both the H79 and the Th
probes, at the distal end of each Chr 7 homologue (Fig. 3D).
Conversely, for clones 1 and 2 a single Chr 7 homologue was
positive for both probes, whereas the other only gave a signal
for the proximal HI9 probe (Fig. 3D), as expected for cells
heterozygous for the DelTel7 allele.

We also wanted to provide molecular evidence for the ex-
pected hemizygosity on distal Chr 7 in heterozygous DelTel7
cells, but this could not be achieved by demonstration of loss of
heterozygosity at genetic markers in our ES cells. The R1 ES
cells were derived from an F, embryo between two different
129 substrains (42), but they are homozygous for SNPs distal of
Ins2 on Chr 7. However, for the allele-specific studies at IC1
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FIG. 3. The maternal allele of Chr 7 is truncated in ES cells carrying the DelTel7 allele. (A) Diagrams of the /ns2 region on Chr 7, oriented from
the distal telomere (Tel7q) to the centromere (Cen), for the wt locus and the parental I2loxP and 12 alleles, as well as the DelTel7 and Tel7KI alleles
obtained by Cre recombination. The positions of the genomic probes 5’ and 3’ on either side of the insertion site of the I2loxP allele (Spel site [S]) are
shown below the wild-type allele (white boxes). The EcoRI (E) fragments hybridizing to these probes are shown above each allele, except for the 5’ 2.9-kb
fragment of the /2 allele. The sequences hybridizing to the 5" probe are deleted in DelTel7. The positions of diagnostic PCRs (I2loxP, A3’, A5’, and 2x),
amplifying key junctions, are given below the diagrams. (B) Southern blot analysis of ES cell genomic DNA digested with EcoRI and hybridized to the
5" and 3’ genomic probes. Control lanes show genomic DNA from R1 ES cells (a), the parental I2loxP/+ ES cell line (b), and 72/+ ES cells (c). Lanes
1 to 10: 10 of 24 G418-resistant ES cell clones were analyzed. (C) Representative results of PCR analyses on four G418-resistant ES cell clones (1, 2, 5,
and 6 from panel B), using the four junctional PCRs (A3’, 12loxP, A5’, and 2x) mapped in panel A. For each PCR, controls included genomic DNA from
wild-type ES cells (a) and from mutations containing the expected junctions (b) for A3’ and 121oxP, I2loxP/+ ES cell DNA, for A5, Del”*/+ DNA, and
for 2x, Dup™/+ DNA. The Del™ and Dup™ alleles carry the same junctions as DelTel7 and Tel7KI for the A5’ and 2x reactions (L. Lefebvre,
unpublished data). For primer sequences, see Table S1 in the supplemental material. (D) DNA FISH on ES cell metaphase chromosomes, using genomic
PAC clones from Chr 7 regions proximal (H19, green) or distal (7h, red) to the I2loxP insertion site as probes. Arrows point to Chr 7 variants negative
for the Th probe. (E) DNA methylation status at IC2 (KvDMR1) as determined by Southern blot analysis of ES cell genomic DNA. The diagram
illustrates intron 10 of Kcngl (left), showing the position of IC2 (white rectangle), associated with the production of the antisense noncoding RNA
Kcnglotl from the unmethylated paternal allele. The IC2 genomic probe (black rectangle) hybridizes next to the CpG-rich sequences (gray boxes) of IC2,
which are methylated on the maternal allele (62). The expected methylated (6.6-kb) and unmethylated (3.2-kb) DNA fragments recognized by this probe
in genomic DNA digested with Spel (S) and the methylation-sensitive enzyme Smal (Sm) are shown below the diagram. The 10 samples analyzed in panel
B were digested with Spel and Smal, and the blot was hybridized with the IC2 probe (right panel). Controls included genomic DNA samples from R1
ES cells (lane a), an E10.5 embryo (lane b), and the parental I2loxP/+ ES cells (lane c).
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TABLE 1. Survival of chimeras between DelTel7/+ ES cells, or
control Tel7KI/+ ES cells, and diploid embryos®

No. No. of chimeras (no. of
ES cell line No. of found males) at relative level®
pups born  dead
or lost Strong Medium Weak
Tel7KI/+ #5 16 0 4(4) 303 9(3)
DelTel7/+ #1 12 4 0 0 8(5)
DelTel7/+ #2 29 24 0 0 5(4)
DelTel7/+ #3 15 4 0 1(1) 10 (7)
DelTel7/+ (all three 56 32 0 1(1) 23 (16)

cell lines)

“ For each cell line aggregated and transferred to ICR recipient females, the
table presents the total number of pups recorded at delivery and the number of
pups found dead perinatally or lost before weaning.

® Relative level of chimerism in surviving 6-week-old mice. Chimerism was
estimated on the basis of the percentage of the coat contributed by Agouti R1 ES
cells: weak, 0 to 25%; medium, 26 to 74%; strong, >75% chimerism. The
numbers of male chimeras are given in parentheses.

(see below), we eventually recovered informative embryos by
crossing +/DelTel7 animals with mice carrying the M. mus
castaneus variant of distal Chr 7. The CAST/DelTel7 progeny
from such crosses were used to confirm the hemizygosity at two
markers (Ascl2 and Fgf3) distal of I2loxP, providing further
molecular evidence for the truncation of Chr 7 in the DelTel7
allele (R. Ho and L. Lefebvre, unpublished data). Further-
more, differential DNA methylation at IC2 did provide an
epigenetic polymorphism to assess directly the hemizygosity in
DelTel7 cells and to determine which parental homologue of
Chr 7 was deleted in these cells (19). We performed a Southern
blot analysis on ES cell genomic DNA digested with a meth-
ylation-sensitive enzyme cutting within the differentially meth-
ylated CpG-rich region of IC2 (Fig. 3E). Both parental epigeno-
types were detected at IC2 in heterozygous I2loxP/+ and
Tel7KI/+ ES cells (clone 5), confirming that the Chr 7 se-
quences distal of I2loxP have not been deleted in this intersti-
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tial insertion allele (Fig. 3E, lane 5). On the other hand, all of
the ES clones carrying the DelTel7 allele show an unmethyl-
ated paternal allele but have lost the methylated maternal
allele of IC2 (Fig. 3E). These results confirm that the original
I2loxP allele was thus targeted on the maternal homologue of
Chr 7 in the heterozygous cells used here and that the DelTel7
cells are missing the maternal end of Chr 7 (DelTel7/+, not
+/DelTel7 heterozygotes).

Germ line transmission and stable maintenance of the trun-
cated Chr 7 from viable heterozygous males. The DelTel7/+
ES cells are viable in culture, with no apparent growth defect.
The truncated Chr 7 variant appears stable in undifferentiated
ES cells, as demonstrated by maintenance of the heterozygous
genotype after several passages without selection for the engi-
neered chromosome (L. Lefebvre, unpublished data). We then
asked whether transmitting germ line chimeras could be ob-
tained from these ES cells, which carry the truncated Chr 7 and
the engineered Tel7q. Three independent DelTel7/+ ES cell
clones were aggregated to wild-type diploid embryos to gener-
ate chimeras, using Tel7KI/+ ES cells as a control. For the
DelTel7 clones, nearly all medium- and strong-contribution
chimeras died perinatally (Table 1). This was not observed in
control chimeras, several of which gave germ line transmission
of the Tel7KI allele. Despite this lethality, some DelTel7 chi-
meras survived to weaning, and germ line transmission of the
DelTel7 allele was obtained from one chimeric male.

The paternal heterozygous progeny (+/DelTel7) from the
transmitting chimera are viable and fertile. We were thus able
to follow the inheritance of the deletion allele from mature
carrier males. The DelTel7 allele was recovered at the ex-
pected frequency from heterozygous males at weaning (46%)
(Table 2, group A). We have now maintained the DelTel7
mouse line by paternal transmission for nine generations, with
no apparent abnormal phenotype. The integrity and stability of
the truncated Chr 7 was assessed by SKY analysis of eighth-
generation primary embryonic fibroblasts. As in cells from a

TABLE 2. The midgestational lethality of DelTel7/+ embryos is rescued by a paternally inherited deletion of IC2

Parental genotypes

No. of progeny (%)

Exptl group Stage
Female Male +/+ Heterozygotes A/AP
A +/+ +/DelTel7 pP21° 79 (54) 68 (46)
+/DelTel7 +/+ P21 86 (100) 0(0)

E115 15 (68) 7(32)¢
E10.5 15 (48) 16 (52)°
E9.5 19 (50) 19 (50)

C +/DelTel7 +/DelTel7 E9.5 5(50) 5(50) 0(0)
E3.5 7(27) 12 (46) 7(27)
E3.5¢ 7(29) 12 (50) 521

D +/Ascl2KO +/IC2KO P21 8 (26) 0 (0) (Ascl2KO/+) 14 (45) (Ascl2KO/IC2KO)

9 (29) (+/IC2KO)
E +/DelTel7 +/1C2KO P21 39 (40) 0(0) (A/+) 36 (37) (A/IC2KO)

22 (23) (+/IC2KO)

“ Viable DelTel7/+ embryos were recovered prior to E10.0, but these maternal heterozygotes were never seen at birth and were dead when recovered at E10.5 or E11.5.

b A, DelTel7.

¢ Genotyped from ICM outgrowths recovered after 6 days in culture (see Fig. 4B).

@ These samples could not be genotyped, since no material was recovered.
¢ P21, postnatal day 21.
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FIG. 4. Embryonic phenotypes cause by the DelTel7 deficiency.
(A) Imprinted midgestational lethality phenotype in DelTel7/+ (A/+)
maternal heterozygotes. Healthy and normal DelTel7/+ embryos were
recovered at E9.5 (not shown). At E10.5 mutant conceptuses are charac-
terized by an abnormal placenta and lack of blood in the yolk sac, as well
as a greatly enlarged pericardium (arrows). Hematoxylin and eosin-
stained histological sections of E10.5 placentas (left) show abnormal de-
velopment of trophoblast lineages in DelTel7/+ heterozygotes, including
the lack of spongiotrophoblast (S) and an increased giant cell (GC) pop-
ulation. L, labyrinth layer. (B) Preimplantation phenotype in DelTel7/
DelTel7 homozygotes. The growth of attached blastocysts, cultured in the
absence of leukemia inhibitory factor, was followed for 6 days, after which
ICM outgrowths were collected and genotyped (Table 2, group C).
Whereas wild-type (lane 1,29%) and heterozygous (lane 4, 50%) embryos
showed normal proliferation in this assay, no homozygous mutants were
recovered, and 21% of the blastocysts failed to grow (lanes 2 and 3).

wild-type littermate, nonclonal aneuploidy and/or chromo-
somal breaks were documented in ~10% of the fibroblasts
analyzed, but none of the aberrations observed involved Chr 7
(see Fig. S1 in the supplemental material). The truncated Chr
7 of the DelTel7 allele is therefore stable in mice, compatible
with germ line transmission in males, and is a silent mutation
when paternally inherited.

The maternally inherited DelTel7 allele causes embryonic
lethality at midgestation. Heterozygous females inheriting the
DelTel7 allele paternally are also viable and fertile. However,
when litters from +/DelTel7 females were genotyped, no
DelTel7/+ maternal heterozygotes were recovered at weaning
(Table 2, group B). To analyze this imprinted phenotype fur-
ther, we dissected litters obtained from crosses between het-
erozygous females and wild-type males at different develop-
mental stages. We found that maternal transmission of
DelTel7 is embryonic lethal at approximately E10 (Table 2,
group B). Viable DelTel7/+ embryos were recovered prior to
E10.0, but later stages were compromised by a defective de-
velopment of the placenta, characterized by a lack of spongio-
trophoblast and a thicker giant cell layer (Fig. 4A). Additional
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abnormalities were also observed at E10.5, notably, the ab-
sence of yolk sac blood and pericardial effusion, possibly as
secondary consequences of placental vasculature defects (Fig.
4A).

We also assessed the phenotype of mutant homozygous em-
bryos by analyzing the progeny of heterozygous crosses. At
E9.5, these crosses only yielded viable wild-type and heterozy-
gous embryos, suggesting an early embryonic lethality in
DelTel7 homozygotes (Table 2, group C). We looked at the
genotypes of preimplantation-stage embryos by collecting blas-
tocysts at E3.5. At that early stage, DelTel7/DelTel7 homozy-
gous embryos are viable and indistinguishable from wild-type
and heterozygous littermates (Table 2, group C). By culturing
these blastocysts for 6 days in vitro, we found that embryos of
all genotypes except homozygous mutant blastocysts showed
normal inner cell mass growth (Fig. 4B).

The embryonic phenotype of DelTel7/+ embryos is rescued
fully by a deletion of IC2 on paternal Chr 7. The unmethylated
paternal IC2 is associated with the silencing in cis of eight
genes which are consequently transcribed preferentially from
the maternal homologue (MEGs). A paternally inherited de-
letion of IC2 causes the loss of the Kcnglotl ncRNA and the
biallelic expression of these eight genes (MEGs) normally si-
lenced on paternal Chr 7 (26, 45). Since this entire gene cluster
is deleted in the DelTel7 allele and since the paternal DelTel7
heterozygotes are viable, we hypothesized that the absence of
these IC2-regulated genes from the maternal DelTel7 allele is
responsible for the imprinted lethality of DelTel7/+ embryos.
To address this possibility, we asked whether expression of
these MEGs from a paternal homologue with the IC2KO can
rescue the embryonic lethality caused by DelTel7. A similar
phenotypic rescue experiment has previously been performed
for the placental overgrowth phenotype caused by loss of the
IC2-regulated Phlda2 gene (59). Ascl2 is another MEG from
the IC2 subdomain that is required for placental development;
maternal transmission of the Ascl2 knockout allele causes a
midgestational lethality (31, 32). By crossing heterozygous
Ascl2*"%© females with males carrying a small 2.8-kb deletion
of IC2 (KvDMRI1 KO allele, or IC2KO) (26), we first showed
that the IC2KO allele can rescue the Ascl2 deficiency (Table 2,
group D). We then performed crosses between +/DelTel7
females and IC2KO heterozygous males. Whereas DelTel7/+
embryos die at midgestation, as described above, DelTel7/
IC2KO mice are viable and were recovered at the expected
frequency at weaning (Table 2, group E). Both male and fe-
male DelTel7/IC2KO mice are indistinguishable from their
wild-type littermates and are fertile. Thus, the lethality ob-
served upon maternal transmission of DelTel7 is a true im-
printed embryonic phenotype and is not due to some incom-
patibility between the truncated allele and transmission
through oogenesis itself.

The hemizygous IC2 shows stable imprinting in reciprocal
DelTel7 heterozygotes. To address possible epigenetic defects
caused by the DelTel7 allele, we first analyzed imprinting at
IC2 in reciprocal DelTel7 heterozygotes recovered at E9.5.
This particular developmental stage was chosen since it pre-
cedes the lethality observed in maternal heterozygotes. DNA
methylation patterns at IC2 were analyzed by sodium bisulfite
sequencing of a 335-bp region of IC2 encompassing 31 CpG
dinucleotides (Fig. 5A). Paternal and maternal hemizygotes
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FIG. 5. Normal imprinting at IC2 in reciprocal DelTel7 heterozy-
gotes. (A) Diagram of the intron 10 region of Kcngl, showing the
position of IC2 (KvDMRI, white rectangle) (26), the structure of a
335-bp sequence containing the 31 CpG sites analyzed by bisulfite
sequencing, and the region 4 fragment (R4) amplified by RT-PCR in
panel B. Reciprocal DelTel7 heterozygous embryos were recovered at
E9.5 from crosses between +/DelTel7 and (129CAST)F, mice.
Genomic DNA samples were analyzed by sodium bisulfite mutagenesis
and sequencing. The entire IC2 subdomain is deleted in the DelTel7
allele such that mutant embryos are hemizygous for the wild-type 1C2
CAST allele. The results show normal differential methylation of the
paternal (pat; unmethylated) and maternal (mat; methylated) CAST
alleles of IC2 in these embryos. Methylated CpG sites are represented
by filled circles, and unmethylated sites are indicated by open circles.
Onmitted sites indicate sequencing ambiguities. (B) Allele-specific ex-
pression of Kcnglotl in DelTel7 embryos. The expression of Kenglot!
was assessed by RT-PCR (region 4 [R4] in panel A) (68) on embryonic
RNA samples collected at E9.5 from reciprocal crosses between
+/DelTel7 and (129CAST)F, mice. For each embryo, the maternally
(mat) and paternally (pat) inherited alleles are shown. A, Deltel7; +,
wild type. Embryos with a wild-type CAST allele are numbers 1, 2, and
5 (pat CAST allele); numbers 6 and 7 have the mat CAST allele.
RT-PCR for the housekeeping gene G3pdh was used as a positive
control.

showed a single epigenotype and maintenance of normal pa-
rental DNA methylation imprints at IC2 (Fig. 5A). Similarly,
the Kcnglotl ncRNA, transcribed from the paternal IC2 in
wild-type embryos, was detected in all the embryonic samples
analyzed, except those in which the DelTel7 deletion was pa-
ternally inherited (Fig. 5B, embryos 6 and 8).

Thus, the absence of DNA methylation at IC2 and expres-
sion of Kcnglotl from the paternal allele is maintained nor-
mally in DelTel/+ embryos. As demonstrated by the rescue
experiments described above, the presence of this unmethyl-
ated paternal IC2, via the long-range silencing it mediates, is
responsible for the developmental phenotype of conceptuses
of DelTel7/+ genotype.

Normal epigenetic imprinting at IC1 in the absence of the
entire IC2 subdomain. We designed the DelTel7 allele with a
breakpoint distal of the IC1 subdomain (Fig. 1). Our analysis
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of the structure of DelTel7 in ES cells by Southern blot analysis
and DNA FISH confirmed that the IC1 region is intact on the
truncated Chr 7 of DelTel7 (Fig. 3B and D). This offers the
possibility to look at the epigenetic function of IC1 indepen-
dently of the IC2 subdomain on Chr 7. For allele-specific
analyses at IC1, we collected heterozygous E9.5 embryos car-
rying the DelTel7 allele and a wild-type Chr 7 with M. mus
castaneus alleles of distal Chr 7 genes. We first studied DNA
methylation at 31 CpG sites within IC1 by sodium bisulfite
sequencing. The 335-bp region of IC1 studied also encom-
passes strain-specific sequence polymorphisms, allowing the
determination of the parental origin of each DNA strand am-
plified (67). This analysis showed that IC1 carries normal pa-
rental imprints with hypermethylation of the paternal allele in
reciprocal DelTel7 heterozygotes (Fig. 6A).

These results were confirmed by Southern blot analysis of
genomic DNA isolated from four CAST/DelTel7 embryos
(Fig. 6B). In each heterozygote, only the maternal CAST allele
is unmethylated at a Clal site within IC1. The DNA methyl-
ation imprint at IC1 is inherited from the heterozygous males
and maintained normally on the truncated paternal DelTel7
chromosome in these embryos.

We also analyzed the allele-specific expression of two IC1-
regulated transcripts, H19 and Igf2, in embryonic RNA puri-
fied from reciprocal DelTel7 heterozygotes. The allele-specific
RT-PCR results confirmed the normal imprinted expression of
both genes in DelTel7 heterozygotes: irrespective of the geno-
type, H19 is only expressed from the maternal allele, and Igf2
is expressed only from the paternal allele (Fig. 6C). Together
with the results from the DNA methylation studies, this con-
firms the independent function of IC1 on distal Chr 7 and the
absence of essential interactions between the two subdomains
for the initiation and maintenance of imprinted gene expres-
sion regulated by IC1.

DISCUSSION

The imprinted domain on distal Chr 7 provides a model
system for the study of the mechanism, function, and evolution
of genomic imprinting in mammals. Since the identification of
Igf2 and H19 as the first linked imprinted genes (5, 14), several
other loci transcribed exclusively or preferentially from one of
the two parental homologues have been identified in this re-
gion. At least 10 protein-coding genes are known to be regu-
lated by imprinting on distal Chr 7 and under the control of
two imprinting centers carrying opposite germ line DNA meth-
ylation imprints. The developmental importance of some of
these imprinted genes was first suggested by the analysis of em-
bryos carrying an abnormal dosage of parental alleles of distal
Chr 7 genes. Both maternal and paternal duplications for distal
Chr 7 (partial disomies) cause developmental phenotypes (61).
In humans, paternal uniparental disomy for the region of syn-
tenic homology at 11p15.5 and the presence of androgenetic
cell mosaicism in the placenta both cause BWS (38, 46). Indi-
vidual imprinted genes implicated in these phenotypes have
also been studied by gene targeting in the mouse. Here we
have introduced a new approach for the analysis of telomeric
gene clusters in the mouse genome and apply it to the analysis
of the mechanism and function of imprinting on distal Chr 7.
This work makes important contributions to three separate
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FIG. 6. Normal imprinting at IC1 in DelTel7 heterozygotes.
(A) Diagram of the upstream region of H19, showing the position of
the IC1 (H19 DMR) (66) and the structure of a 473-bp sequence
containing the 16 CpG sites analyzed by bisulfite sequencing. Individ-
ual embryos were recovered at E9.5 from reciprocal crosses between
+/DelTel7 and (129CAST)F, mice. PCR genotyping on yolk sac ly-
sates was used to identify DelTel7 heterozygous embryos carrying the
CAST alleles for distal Chr 7. Genomic DNA samples from a CAST/
DelTel7 and a DelTel7/CAST embryo were used for bisulfite sequenc-
ing analysis of DNA methylation patterns at IC1. Unlike IC2, IC1 and
HI9 are not deleted in DelTel7 (Fig. 1A). Both parental alleles were
analyzed, and SNPs in the sequenced products were used to identify
the parental origin of each DNA strand analyzed. Methylated CpG
sites are represented by filled circles, and unmethylated sites are shown
as open circles. Omitted sites indicate sequencing ambiguities.
(B) Southern blot analysis at IC1 for genomic DNA samples from
E14.5 CAST/DelTel7 embryos and a wild-type (+/+) littermate. Di-
gestions were with EcoRI and Sacl, without (-) or with (+) the meth-
ylation-sensitive enzyme Clal. A CAST Sacl polymorphism was used
to distinguish maternal and paternal alleles. The diagram shows the
positions of the enzyme cut sites relative to IC1 in the H79 5'-flanking
region and that of the probe used. Methylated (M) and unmethylated
(U) bands are identified for the M. domesticus (dom) and M. castaneus
(cast) alleles. (C) Allele-specific expression analysis of H19 and Igf2 in
placental RNA samples at E9.5. For each sample, the maternal and
paternal alleles are shown as follows: C, wild-type M. castaneus allele;
A, DelTel7; +, wild-type M. domesticus allele. Note that both A and
wild-type alleles have M. domesticus variants of H19 and Igf2 on distal
Chr 7.
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areas: (i) the development of RMCT as a new tool for func-
tional genome analysis in the mouse; (ii) the epigenetic prop-
erties and roles of the imprinting centers IC1 and IC2 in the
distal Chr 7 domain; and (iii) the developmental function of
distal Chr 7 imprinted genes.

We have described here a new approach for chromosome
engineering in ES cells, termed RMCT. This strategy was in-
spired by previous studies demonstrating that cloned arrays of
(T,AG,), telomeric repeats could be used as telomere seeds
for chromosome fragmentation in mammalian cell lines (3, 21,
22, 33, 37). In RMCT, we refined such approaches by deliver-
ing the telomeric array to a defined chromosomal location in
mouse ES cells, using the Cre-loxP site-specific recombination
system. More importantly, we have shown here that the engi-
neered telomere is stable in mouse ES cells and that the mod-
ified cells are germ line competent and can lead to the estab-
lishment of a mutant mouse line with the DelTel7 truncation.
RMCT thus offers new opportunities for functional genome
analysis, from the introduction of specific chromosomal trun-
cations to the marking of specific telomeres and the analysis of
telomere function and biology in vivo. Since it is based on the
Cre-loxP system, RMCT could be applied to available genome-
wide resources for chromosome engineering, such as the
MICER clones, which are based on a bipartite Hprt selectable
marker system similar to the one described here with the PGK-
loxP-neo-pA cassette (1). Universal RMCT vectors compatible
with these clones are currently under development.

The seeding of a new telomere at a distal location, following
the introduction of a double-strand break by the I-Scel endo-
nuclease or the random integration of a linear telomere seed
vector, has previously been reported in ES cells (57, 64). In the
I-Scel system, the gradual addition of telomere repeats by
telomerase could be followed over 150 cell divisions in culture
(64). We have not documented this dynamic process for the
DelTel7 allele, but after several passages of the DelTel7/+ ES
cells, the average telomeric length was similar for the wild-type
and truncated Chr 7 (L. Lefebvre, L. Chavez, and P. Lansdorp,
unpublished data). This observation, together with the mitotic
stability of the DelTel7 allele, suggests that the end of the
truncated chromosome is elongated and maintained in a stable
structure after the Cre-mediated replacement reaction. We did
however observe a high level of lethality in the chimeras ob-
tained from the heterozygous DelTel7 ES cells. Although we
cannot rule out the possibility that the engineered telomere is
involved in this phenotype, it is more likely the deletion itself
that is responsible for the observed lethality. Indeed, we have
shown that the DelTel7 truncation and thus the original I2loxP
targeted allele are both on the maternal Chr 7 homologue. The
DelTel7/+ ES cells are thus expected to be deficient for all the
MEGs in the IC2 subdomain. The cumulative loss of these
gene products from distal Chr 7, or only of Cdknlc, has pre-
viously been shown to cause cell autonomous defects and peri-
natal lethality in high-contribution chimeras, as described here
for the DelTel7/+ ES cells (11, 49). Furthermore, if the engi-
neered telomere somehow contributed to differentiation ab-
normalities in our chimeras, this effect would have to be erased
upon germ line transmission, since we obtained viable and
fertile paternal heterozygotes from surviving chimeras and
Mendelian transmission of DelTel7 from heterozygous males.
The embryonic lethality observed upon maternal transmission
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FIG. 7. Model for genotype-phenotype correlation on distal Chr 7. The analyses of mutant mice carrying the deletion alleles IC2KO and
DelTel7 reveal new genetic effects on distal Chr 7. The columns (A to F) represent mice of different genotypes on Chr 7, drawn schematically with
a focus on the epigenetic status of IC1 and IC2 on the maternal (mat; black) and paternal (pat; white) homologues. The allelic expression levels
of the ncRNA Kcnglotl and several protein-coding genes under its regulation (distal MEGs) are shown for each genotype, as is the observed
phenotype. Epigenetic imprinting at IC1 has not been analyzed in DelTel7/DelTel7 preimplantation embryos (F; shaded circles), but normal
imprinting of IC1 is observed in animals A to E. Our results with the DelTel7 allele (C and D) confirm the independent epigenetic function of
IC1 on Chr 7 in the absence of the entire distal domain. DelTel7 also gives a new imprinted embryonic phenotype upon maternal transmission

(D). This phenotype is fully rescued by a paternal IC2KO (E), demonstrating that all of the developmentally required genes normally expressed
from the maternal Chr 7 (as in animals A to C) are under IC2-mediated silencing on the paternal Chr 7.

is also in support of a cell autonomous defect implicating loss
of imprinted gene products in DelTel7/+ ES cells.

The presence of a telomere unbuffered by subtelomeric re-
peats is also known to affect the expression of nearby genes by
stochastic epigenetic silencing. This telomere position effect
(TPE) is a conserved phenomenon observed in several eukary-
otic model organisms, including the mouse (57). Since RMCT
can be used to deliver essentially any construct in the context
of a de novo telomere seed, to specific chromosome sites, it
offers new opportunities to study TPE and telomere biology in
the mouse. Two transcriptional units are inserted next to the
telomere repeats in the DelTel7 allele: a ubiquitous eGFP
cassette as well as the PGK-neo marker regenerated upon Cre
recombination. We observed that transcription from both of
these promoters is regulated by stochastic TPE in ES cells (L.
Lefebvre, unpublished results). Whether or not this effect ex-
tends to the distal Chr 7 endogenous genes, notably the nearby
Ins2 locus, remains to be determined. In the case of Igf2, which
is located ~20 kb proximal of the introduced telomere, our
RT-PCR and phenotypic data suggest that it is not subject to
TPE on the expressed paternal allele in +/DelTel7 embryos.

In the context of imprinting, our characterization of the
truncated Chr 7 allele DelTel7 allowed us to study the conse-
quences of deleting ~90% of an evolutionarily conserved im-
printed domain (19). We showed that +/DelTel7 paternal het-
erozygous mice are viable and fertile (Fig. 7C). From these
results, we conclude that there is no haploinsufficiency effect
associated with the terminal deletion of ~2.6 Mb on paternal
Chr 7. In addition to the imprinted domain, this region also
contains ~20 currently known genes, including a cluster of Fgf
genes (Fgf3, Fgf4, and Fgfl5), Fadd, and Ccndl, coding for
cyclin D1. Gene knockout experiments reported for these
genes are in support of this absence of haploinsufficiency ef-
fects in heterozygotes (20, 23, 48, 70, 71). Furthermore, the
proliferation defects of DelTel7 homozygous blastocysts is con-
sistent with the phenotype described previously for Fgf4-defi-

cient embryos (a nonimprinted gene from distal Chr 7 deleted
in the DelTel7 allele) (23).

Our results also provide genetic evidence that telomeric to
Ins2, distal Chr 7 does not harbor any additional paternally
expressed genes required for normal development. However,
our analysis cannot rule out the presence of imprinted genes
involved in more subtle adult phenotypes (as suggested for
imprinted genes such as Mest [43], Htr2a [40], and Zacl [63]).
The ncRNA Kcnglotl, transcribed from the unmethylated pa-
ternal IC2, is therefore the only known PEG in this region.

We describe here a new imprinted phenotype, the embry-
onic lethality of DelTel7/+ heterozygotes (Fig. 7D). This phe-
notype could formally be a maternal effect, attributed to a
specific incompatibility of the truncated chromosome with
transmission through oogenesis. However, since the lethality of
DelTel7 heterozygotes can be rescued by a paternally inherited
IC2 deletion (Fig. 7E), our results confirm that it is the loss of
maternally expressed genes (Fig. 7E, distal MEGs OFF) that is
responsible for this phenotype. This conclusion is further sup-
ported by the fact that similar imprinted phenotypes, charac-
terized by placental defects, have been described previously in
embryos with a paternal disomy for distal Chr 7 or a maternally
inherited Ascl2 deletion (31, 50).

The mechanism whereby the unmethylated IC2 leads to the
silencing in cis of several proximal and distal genes is unknown,
but recent studies suggest a role for transcriptional elongation
and/or production of the ncRNA in this process (47; M. Higgins,
unpublished results). The association of silencing with the pro-
duction of a long ncRNA, recruitment of Polycomb group com-
plexes, and acquisition of repressive histone modifications all
point to a parallel between IC2 and X inactivation center-medi-
ated silencing (26, 68). Consistent with a central role for IC2 on
distal Chr 7, our genetic data show that all of the developmentally
essential genes controlled by genomic imprinting and normally
silenced on the paternal chromosome are under IC2 regulation.
In the rescued DelTel7/IC2KO mice (Fig. 7E), the monoallelic
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expression of distal genes is reversed, being provided from the
paternal Chr 7 with the IC2KO allele (26), a situation fully com-
patible with normal development.

Our methylation and expression studies at IC2 in DelTel7
heterozygotes showed that the expected parental epigenotype is
maintained stably at the hemizygous IC2. These results do not
address the erasure and establishment of imprints in the germ line
of heterozygous embryos, since the IC2 allele analyzed here was
inherited by the wild-type parent in our crosses. However, our
genetic data from the rescue experiment show that wild-type mice
are viable and recovered at the expected frequency from crosses
between +/DelTel7 females and +/IC2KO males (Table 2, group
E). This suggests that the maternal IC2 allele is methylated nor-
mally when inherited from +/DelTel7 females; otherwise,
Kcnglotl expression would silence the distal MEGs and cause
embryonic lethality, as seen in the DelTel7 maternal heterozy-
gotes (Fig. 7A and D).

Analysis of BWS patients has shown that epigenetic defects at
IC2 or rearrangements between IC1 and IC2 can lead to loss of
imprinting at IGF2 (41, 62). We show here that IC1 acts as an
independent imprinting center on distal mouse Chr 7 and that
Igf2 is imprinted normally in the absence of the entire distal IC2
subdomain. Based on our results in the mouse, we propose that
ICl-independent biallelic IGF2 expression is caused by linkage
with new cis-acting enhancers (in the case of translocations) or
compensatory activation of nonimprinted promoters as a conse-
quence of loss of CDKN1C expression (in the case of loss of DNA
methylation at IC2). IGF2 is known to be biallelically expressed in
certain normal tissues, such as adult liver and bone marrow (52),
and compensatory interactions between /GF2 and CDKN1C have
been documented in embryonic fibroblasts (30). The ability of
IC1 to function as an independent imprinting center on Chr 7,
despite the evolutionarily conserved linkage between the two sub-
domains, suggests that if a unique regulatory mechanism led to
the emergence of long-range imprinting in the domain in ances-
tral mammals, the strict requirement for IC1-IC2 linkage has
been lost in the mouse, at least as far as IC1 function is concerned.
A similar evolutionary relaxation of constraint imposed by linkage
has recently been described for Hox gene clusters, which show
conservation of clustering and colinearity in several species (55).

Nearly 50% of sporadic BWS cases involve loss of imprinting at
KCNQIOTI (62). Although the mechanism by which this occurs
remains unknown, biallelic KCNQIOT1 expression is known to
cause the down-regulation of CDKNIC in BWS patients and,
therefore, loss of maternally expressed genes (16). The terminal
deletion presented here models this loss of distal maternal genes
in the mouse and has the potential to offer new insights into the
long-range regulation of Kcnglotl-mediated epigenetic silencing
on Chr 7 and the function of the distal genes in imprinted devel-
opmental phenotypes. The rescue of the maternal deletion also
provides genetic evidence demonstrating that inhibition of 1C2-
mediated silencing in #rans could overcome the complex develop-
mental phenotype caused by the simultaneous loss of several
imprinted gene products.
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