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Regular production of somites, precursors of the axial skeleton and attached muscles is

controlled by a molecular oscillator, the segmentation clock, which drives cyclic transcription

of target genes in the unsegmented presomitic mesoderm (PSM). The clock is based on a

negative feedback loop which generates pulses of transcription that oscillate with the same

periodicity as somite formation. Mutants in several oscillating genes including the Notch

pathway gene Lunatic fringe (Lfng) and the Notch target Hes7, result in defective somitogen-

esis and disorganised axial skeletons. Both genes encode negative regulators of Notch sig-

nalling output, but it is not yet clear if they are just secondary clock targets or if they encode

components of a primary, pacemaker oscillator.

In this paper, we try to identify components in the primary oscillator by manipulating

delays in the feedback circuitry. We characterise recombinant mice in which Lfng and

Hes7 introns are lengthened in order to delay mRNA production. Lengthening the third

Hes7 intron by 10 or 20 kb disrupts accurate RNA splicing and inactivates the gene. Lfng

expression and activity is normal in mice whose Lfng is lengthened by 10 kb, but no effects

on segmentation are evident. We discuss these results in terms of the relative contributions

of transcriptional and post-transcriptional delays towards defining the pace of segmenta-

tion, and of alternative strategies for manipulating the period of the clock.

� 2012 Elsevier Ireland Ltd. All rights reserved.
1. Introduction

Embryonic segmentation in vertebrates occurs as repeated

production of mesodermal somites, the precursors of repeti-

tive axial structures such as vertebrae, ribs and skeletal mus-

cles. As the embryo grows posteriorly, bilateral pairs of

somites arise at regular intervals from the cranial (anterior)
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region of the unsegmented presomitic mesoderm (PSM) at

the tail end of the embryo (reviewed in Gossler and Tam

(2002) and Tam and Trainor (1994)).

The periodicity of somite production varies between spe-

cies (90 and 120 min in the chick and mouse, respectively).

Nevertheless, in all vertebrates, somite formation is regulated

by a molecular oscillator, the ‘‘segmentation clock’’, that
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drives cyclic gene transcription in the PSM with the same

periodicity as somitogenesis (e.g. Aulehla et al., 2008; Masam-

izu et al., 2006) (reviewed in Dequéant and Pourquié (2008)

and Lewis et al. (2009)). Inactivation or continuous expression

of several of these cycling genes both cause irregular somito-

genesis, suggesting that they have clock-related functions

(e.g. Bessho et al., 2001b; Evrard et al., 1998; Serth et al.,

2003; Zhang and Gridley, 1998).

The core mechanism of the oscillator that drives cyclic

transcription is presumed to rely on a negative feedback loop

whose period depends on delays within the individual steps

of the circuit (Giudicelli et al., 2007; Lewis, 2003). Such steps

could include those of mRNA synthesis (e.g. transcription,

processing and nuclear export), and translation, post-transla-

tional modification and intracellular trafficking of the en-

coded proteins (Lewis, 2003). The period of the feedback

loop and somite formation is a direct function of the sum of

all such delays.

Many genes cycle in the mouse PSM, including several

members of the Notch, Fgf and Wnt signalling pathways (Au-

lehla et al., 2003; Dequéant et al., 2006; Krol et al., 2011; Niwa

et al., 2007, 2011), and several alternative negative feedback

loops have been suggested to form the core of the clock (re-

viewed in Dequéant and Pourquié (2008), Giudicelli and Lewis

(2004) and Pourquié (2011)). Nevertheless, the most likely

group of models centre around components of the Notch sig-

nalling pathway. Notch activity cycling in the PSM is evolu-

tionarily conserved between zebrafish and mammals (Henry

et al., 2002; Holley et al., 2000; Jiang et al., 2000; Krol et al.,

2011; Oates and Ho, 2002; Shankaran et al., 2007; Sieger

et al., 2004), and dynamic Notch signalling is also seen during

arthropod segmentation (Chipman and Akam, 2008; Pueyo

et al., 2008; Schoppmeier and Damen, 2005; Stollewerk et al.,

2003). Delayed autorepression of the hairy-related Notch tar-

get genes (her1 and her7 in zebrafish, cHairy1 and cHairy2 in

chick, Hes7 in mouse) is a potential Notch-related feedback

loop (Bessho et al., 2003, 2001b; Hirata et al., 2004; Holley

et al., 2002; Jouve et al., 2000; Lewis, 2003; Oates and Ho,

2002; Palmeirim et al., 1998). In the chick and mouse PSM, a

Notch feedback loop could also involve the glycosyltransfer-

ase and Notch modifier Lunatic fringe (Lfng), which is acti-

vated by Notch signalling and in turn negatively regulates

Notch activity (Aulehla and Johnson, 1999; Cole et al., 2002;

Dale et al., 2003; Forsberg et al., 1998; McGrew et al., 1998; Mor-

ales et al., 2002; Morimoto et al., 2005).

In the mouse, an alternative feedback loop is formed by

the Wnt signalling components Axin2 and Dkk1, which re-

press Wnt signalling and whose expression cycle (Aulehla

et al., 2003; Dequéant et al., 2006; Krol et al., 2011), although

levels of b-catenin protein do not cycle in the PSM (Aulehla

et al., 2008; Dunty et al., 2008). Whether one or more of these

negative feedback loops directs the clock is not yet certain. It

remains possible that the clock comprises multiple linked

oscillators (Dequéant et al., 2006; Krol et al., 2011; Niwa

et al., 2007, 2011).

Many genetic alterations disrupt both cyclic transcription

in the PSM and regular somite formation. However, such

manipulations do not necessarily define the rate-defining,

pacemaker oscillator; they could equally interfere with a

secondary, slave oscillator. To identify components in the
pacemaker circuit, one should show that modifying the kinet-

ics of their synthesis and/or degradation alters (speeds up or

slows down) the period of segment formation. Altered period-

icity should affect somite length and, probably, the final num-

ber of somites and/or the axial length of the embryo. For

example, slowing the clock down should generate fewer, lar-

ger somites, as has been reported for a zebrafish mutant with

a slowed segmentation clock, and for mouse embryos with al-

tered Notch signalling (Kim et al., 2011; Schröter and Oates,

2010). By contrast, modulation of downstream targets of the

oscillator might affect somite morphology, but not their initial

size or final number.

In this paper, we describe altering the transcriptional

kinetics of the endogenous Hes7 and Lfng genes to test if

either reflects a rate-limiting component of a unique pace-

maker circuit. We generate transgenic mice in which these

genes are lengthened by insertion of 10 or 20 kb of exogenous

DNA into an intron, in order to alter the transcriptional delay

between initiating the genes’ primary transcription and pro-

duction of mature cytoplasmic mRNA. We show that the

lengthened Hes7 genes are inactive because the pre-mRNA

transcripts are incorrectly processed, and lengthening Lfng

has no obvious effects on somite formation or axial skeleton

morphology. We relate these findings to recent results on the

kinetics of transcriptional elongation and processing, and dis-

cuss the development of future tools for analysing the seg-

mentation clock.
2. Results

2.1. Generation of mouse lines with lengthened Hes7 or
Lfng genes

Cyclic accumulation of Lfng and Hes7 transcripts is due to

cyclic initiation of transcription (Bessho et al., 2003; Morales

et al., 2002). To alter the time delay between transcriptional ini-

tiation and the generation of mature, translatable mRNA, we

lengthened the genes by inserting exogenous sequence into

an endogenous intron in order to retard completion of primary

transcription without affecting mRNA and protein products.

We based our construct design on an average consensus rate

of transcriptional elongation by RNA polymerase II of

�1.2 kb/min, although measured rates vary widely (; 1.1–

4.3 kb/min; Darzacq et al., 2007; Femino et al., 1998; e.g. Tenny-

son et al., 1995); reviewed in Swinburne and Silver (2008). On

this basis, 10 kb insertion would increase the transcriptional

delay by �8 min. Mathematical modelling has indicated that

the period of a negative-feedback oscillator is about twice the

total delays in the negative-feedback circuit (Lewis, 2003); for

a 10 kb insertion, this would correspond an increase of

16 min, or 14% of the normal 2 h cycle. The implications of re-

cent, faster measurements of elongation rates (3.5–4.3 kb/min;

Singh and Padgett, 2009) are examined in Section 3.

We lengthened the 3rd Hes7 intron and the 1st Lfng intron

in mouse embryonic stem cells by inserting 10 and 20 kb in-

tron fragments from human dystrophin (DMD, Gene ID: 1756)

that are distant from the DMD promoter and not expected

to contain cis-regulatory elements active in the mouse PSM

(Fig. 1A; Section 4.1). Injecting these targeted cells into mouse
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blastocysts yielded mouse lines heterozygous for Hes7 length-

ened by 10 kb and 20 kb (referred to as H10 and H20) and for

Lfng lengthened by 10 kb (referred to as L10). We also recov-

ered several stem cell lines with Lfng extended by 20 kb, but

none incorporated into the germline.

For H10 and L10, we tested expression of the lengthened

genes by in situ hybridisation of heterozygous transgenic em-

bryos with dystrophin intron-specific probes. Both lengthened

genes cycle in the PSM like their wildtype counterparts

(Fig. 1B–F). L10 also shows a cranial stripe in the forming so-

mite like that of the endogenous Lfng gene (Fig. 1B–D). Thus,

the 10 kb insertion does not affect expression of either gene.

We were unable to design effective in situ hybridisation probes

for the 20 kb intronic insert, but analysis of heterozygous em-

bryos with endogenous probes indicates that the transgene is

also expressed in a similar manner to the wildtype gene (see

below).

2.2. Lengthened Hes7 mice are recessive lethal and
deficient for Hes7 activity

Heterozygous H10 and H20 are viable and fertile and

resemble wildtype mice; only 3% of the adults show an overtly
Fig. 1 – Generation of lengthened alleles of Hes7 and Lfng. (A) Tar

3rd intron of Hes7 (top) or the 1st intron of Lfng (bottom). Exons

black. 10/20, 10 or 20 kb insert of human dystrophin intronic seq

grey boxes, position of probes (up, upstream probe; lp, downstrea

cell clones; dashed lines indicate regions of potential recombin

constructs are shown in red, restriction sites used for Southern

EcoRI; EV, EcoRV; H, HindIII; N, NcoI; No, NotI; S, StuI; Sc, SacI; Sp,

ligation. (B–G) Transcription of lengthened L10 and H10 in �E9.5

human dystrophin intronic insert; arrowheads point at transgen

in the PSM of L10/L10 (B–D; n = 28) and H10/+ (E and F; n = 13), b

caudal end of the embryo in D.
kinky tail (3/116, combined genotypes), a phenotype that can

reflect locally perturbed segmentation. However, H10 or H20

homozygotes must die around birth because they are recov-

ered as embryos from heterozygous parents in the expected

proportion at E9.5–11.5 and E18.5 (18/106 H10 and 36/156

H20), but not as adults (0/50; 0/108, respectively; Table 1).

H10 and H20 are also unable to rescue the Hes7 null pheno-

type in heteroallelic combination with the Hes7 knock-out al-

lele (Fig. 2I and not shown; Bessho et al., 2001b). Together,

these results indicate that lengthening the intron has severely

compromised Hes7 activity.

Analysis of transcription in homozygous H10 and H20 em-

bryos by in situ hybridisation supports this conclusion. To

monitor the lengthened genes specifically, we used an intro-

nic dystrophin probe for H10, and the endogenous Hes7 first in-

tron probe for H20. In all cases, our results show that the

transgenes are expressed constitutively throughout the PSM,

as for inactive Hes7 alleles (Figs. 1G and 2A; Bessho et al.,

2003). This failure to cycle indicates that lengthening Hes7

has disrupted the negative feedback required for oscillatory

expression. The ectopic expression is recessive, i.e. not seen

in the heterozygous embryos (Fig. 2B–D), indicating that it is

due to reduced Hes7 activity.
geting strategy to insert 10 or 20 kb of intronic DNA into the

are depicted as boxes and are numbered, ORFs shown in

uence; black triangles, loxP sites; NEO, neomycinr gene; light

m probe) used for Southern Blot analysis of embryonic stem

ation. Restriction sites used for production of targeting

Blot analysis in black: B, Bsu36I; Ba, BamHI; Bs, BssHII; E,

SpeI; X, XbaI. Restriction sites in brackets are disrupted after

embryos visualised with a riboprobe against the 10 kb

e expression domains in the PSM. Transcription is dynamic

ut ubiquitous in H10/H10 (G; n = 4). A dotted line marks the



Table 1 – Breeding statistics of heterozygous Hes7 knock-in mice: viability of homozygous H10 and H20 at various stages.

Stage Line Number of
homozygous offspring

Number of heterozygous
offspring

Number of wildtype
offspring

Total offspring
analysed

Numbers of
litters analysed

E9.5–11.5 H10 12 53 22 87 6
H20 31 73 33 137 9

E18.5 H10 6 8 5 19 2
H20 5 9 5 19 2

P0 H10 0 34 16 50 8
H20 0 68 40 108 10
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H10 and H20 also show null-like segmentation phenotypes.

Heterozygous embryos exhibit regular, essentially wildtype ver-

tebral columns, rib cages with a normal number of vertebrae,

and ribs and only very occasional minor pattern irregularities

(Fig. 2G). By contrast, homozygous E11.5 embryos show uneven

segmentation throughout the body axis, as marked by expres-

sion of the caudal somite marker Uncx4.1 (Fig. 2E and F; Mansou-

ri et al., 1997). Homozygous H10 and H20 E18.5 embryos show

extensive and severe malformationsand multiple fusions of ribs

and of vertebrae, and truncated tails (e.g. Fig. 2H).

These phenotypes are more severe than those of the

Hes7BAP allele (Stauber et al., 2009), in which weak residual

activity is sufficient for the development of regular sacral ver-

tebrae. Sacral vertebrae are disrupted in homozygous H10 and

H20 embryos (Fig. 2H and not shown), indicating that the

lengthened alleles are essentially null.

2.3. Lengthening the 3rd Hes7 intron disrupts splicing and
inactivates Hes7

To study why lengthened Hes7 is inactive, we examined

transcript structures in heterozygous and homozygous em-

bryos, using reverse transcription and PCR (RT-PCR) with prim-

ers in exons 1 and 4 (last) that amplify a 620 bp product from

wild-type transcripts (Fig. 2J). From heterozygous H10 and H20

embryos, we obtained the wildtype fragment and a 532 bp prod-

uct which was revealed by DNA sequencing to derive from tran-

scripts that precisely lack the 88 bp 3rd exon (Hes7Dex3: Fig. 2K,

Table 2). Homozygous H10 and H20 embryos contain only the

shortened, mis-spliced product (n = 43, n = 46, respectively;

Fig. 2K; Table 2), showing that lengthening the intron has

caused exon-skipping. This failure to splice appears to be a con-

sequence of the insertion site within the third Hes7 intron, be-

cause the same sequence inserted in Lfng intron 1 does not

affect maturation of Lfng transcripts (see below).

Hes7 protein is a transcriptional repressor, with a basic-

helix–loop–helix domain that mediates dimerisation and

DNA-binding, and a C-terminal WRPWP motif that mediates

repression. Lack of exon 3 (which mainly encodes the second

helix; Bessho et al., 2001a) would cause a translational frame-

shift so as to encode a truncated protein in which the basic,

DNA-binding domain and the first helix are fused to 60 out-

of-frame aminoacids from exon 4. This fusion protein is al-

most certainly inactive, consistent with the null-like perinatal

phenotypes of homozygous H10 and H20 embryos.

Primary transcripts from the mutant gene are mis-spliced

in additional ways that also preclude encoding of an active
protein. Some transcripts are processed but retain stretches

of the lengthened intron 3 so that translation would be trun-

cated. These RNAs are too long to be detected in the above

PCR reactions, but are revealed by RT-PCR between exon 1

and a site within the dystrophin insertion sequence in H10

(Fig. 2J, blue arrows).

In wildtype embryos, most Hes7 transcripts are correctly

spliced (Fig. 2K), although DNA sequencing of RT-PCR prod-

ucts shows that transcripts lacking exon 3 are also occasion-

ally present (Fig. 2K, Table 2). Other rare defective products

correspond to transcripts lacking the last 13 nt of the 3rd exon

(generated by using an alternative 5 0 splice site consensus GT

within exon 3), or with an insertion of 5 nt between exon 3

and 4 (Table 2). Both forms would cause frameshifts and

truncated translation in exon 4. These findings indicate that

splicing between wildtype Hes7 0s exons 3 and 4 is inherently

error-prone, and raise the possibility that lengthening intron

3 aggravates a pre-existing unreliability.

Lengthening the intron may also affect other aspects of

transgene transcription. In situ hybridisation with dystrophin

and Hes7 intron probes indicates that the primary transcrip-

tion rates of H10 and H20 are relatively normal (e.g. Fig. 1E

and F; Fig. 2B–D). Nevertheless, Hes7Dex3 is consistently ampli-

fied more efficiently from H10/H10 than from H20/H20 em-

bryos (Fig. 2K). H20 transcripts might be elongated more

slowly than H10 or, more likely, are mis-spliced predomi-

nantly into transcripts that are too long to be amplified by

exon 1 and 4 PCR primers.

Altogether, our results indicate that H10 and H20 mice can-

not be used to study the kinetics of the segmentation clock as

intended. Rather, they illustrate the unpredictable effects of

altering intron structure and length.

2.4. Lengthening Lfng does not affect somite number or
skeleton length

Lengthening Lfng by 10 kb appears not to affect expression

or activity, unlike the equivalent manipulation of Hes7. L10

transcript levels are normal in homozygous embryos as

judged by in situ hybridisation (Fig. 3A–D), and only wildtype

RT-PCR products are amplified using primers between exons

1 and 4 (n = 30; Fig. 3E).

Similarly, homozygous L10 embryos and adults are viable

and morphologically wildtype. Somite compartmentalisation

appears regular, and markers for the caudal and cranial so-

mite-halves, Uncx4.1 and Tbx18 (Kraus et al., 2001) respec-

tively, are expressed in regular stripes along the length axis



Fig. 2 – Error-prone splicing of Hes7 is completely disrupted in the lengthened alleles. (A–D) Visualisation of Hes7 transcription

with an Hes7 intron probe shows that the gene is oscillating in heterozygous (B–D, n = 9 H20/+; n = 9 H10/+ not shown), but not

in homozygous (A, n = 7 H20/H20; n = 7 H10/H10 not shown) H20 embryos. (E and F) Segmentation of the embryo, visualised

with the segment marker Uncx4.1, is normal in heterozygous H20 (n = 8 H20/+; n = 3 H10/+ not shown), but severely

disorganised in homozygous H20 E11.5 embryos (F, n = 7 H20/H20; n = 3 H10/H10 not shown). PSMs are boxed in A–F; red

arrows point at examples of regular Uncx4.1 stripes; red bar in F marks irregular Uncx4.1 expression; fl, forelimb, hl, hindlimb.

(G–I) E18.5 skeleton preparations show the normal skeleton formed by H10/+ mice (G, n = 8 H10/+; n = 9 H20/+ not shown) and

the disorganised skeletons of H10/H10 (H, n = 6 H10/H10; n = 5 H20/H20 not shown) and H10/Hes7KO (I, n = 8 H10/Hes7KO; n = 3

H20/Hes7KO not shown). Lateral (top) and dorsal (bottom) views of the same skeletons are shown; red arrows indicate

exemplary regular vertebrae in G (c1, t1, l1, s1, tail1 are the first cervical, thoracic, lumbar, sacral and tail vertebrae); circles

highlight the sacral area, which shows no regular vertebrae in (H and I); black arrows point at the truncated tails in (H and I).

(J) Positions of Hes7 RT-PCR primers: red primers amplify exon1–exon4 of the Hes7 cDNA; blue primers amplify exon1–

lengthened intron 3 of incompletely spliced RNA/cDNA. (K) Products of RT-PCR with red primers (see J) on total RNA from

individual embryos of the genotype indicated separated on an agarose gel. In all experiments, H10 and H20 gave essentially

the same results.
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(Fig. 3F and G). The axial skeletons of L10/+, L10/L10 and L10/

Lfng� E18.5 foetuses (n = 9, 25 and 5, respectively), are regular,

long-tailed, and indistinguishable from wildtype (Fig. 3H and

not shown).

The lengths of newly-formed L10/L10 somites are also

unaffected. We labelled caudal compartments by in situ

hybridisation with Uncx4.1 (e.g. Fig. 4A–F) and determined

the average length of the three youngest somites in individual

embryos. The averages were slightly longer in L10/L10 than
wildtype embryos (n = 11 and 7, respectively) but the differ-

ence is not statistically significant (Fig. 4G, Table 3).

We also tested if shortening Lfng transcripts leads to short-

er somites, using embryos in which a chick Lfng cDNA (cLfng)

is expressed from a mouse Lfng cycling promoter (5kL lines,

Stauber et al., 2009). cLfng primary transcripts are 5.7 kb short-

er than wildtype and include only a single intron (Section 4.2),

and so might be expected to suffer a shorter transcriptional

delay. Nevertheless, we found no significant difference in so-



Table 2 – Frequencies of different Hes7 splice variants sequenced.

Genotype Number of clones Wildtype (620 bp) Hes7Dex3 a (532 bp) Hes7D13nt b Hes7+5nt c

+/+ d 42 16 23 2 1
H10/H10 43 0 43 0 0
H10/+ 25 6 19 0 0
H20/H20 e 46 0 46 0 0
H20/+ 20 5 13 2 0
a Exon 3 missing. The apparent excess of Hes7Dex3 to Hes7wt clones recovered for wild-type and heterozygous embryos is probably because of

differential purification or cloning efficiency (and contrasts with the gel in Fig. 2K).
b 13 Last nt missing at 3 0 end of exon 3 (GTGGAGCCCCCGG).
c 5 nt inserted between exon 3 and exon 4 (GTACA, which exists in the 3rd intron, 324 bp downstream of the 3rd exon).
d Combined data from individual amplifications of total RNA independently prepared from 5 +/+ embryos. Hes7Dex3 was isolated from all 5 +/+

embryos.
e Combined data of RT-PCRs on total RNA independently prepared from 2 H20/H20 embryos.
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mite length between wildtype and cLfng;Lfng�/� embryos,

which express only cLfng (n = 4; 5kL/0 in (Stauber et al.,

2009); Fig. 4E–G, Table 3). Nor are there differences in the num-

bers of each vertebrae type, or the lengths of the vertebral col-

umn or individual body regions between L10/+, L10/L10,

wildtype and cLfngcDNA E18.5 foetuses (Fig. 4G, Table 4).

As a potentially more sensitive test of altered clock period,

we examined the total number of somites in E13.5 embryos,

when somitogenesis is just ceasing. If L10 were to lengthen

clock period, one might expect a corresponding reduction in

the total somite number (e.g. by 9 somites (14%) if a 10 kb in-

sert were to cause an 8 min delay). Altering clock period in the

zebrafish affects segment number in such a manner, indicat-

ing that terminating segmentation is independent of the

clock (Schröter and Oates, 2010).

To count somite number, we made use of high resolution

episcopic microscopy (HREM,<http://www.embryoimag-

ing.org>; Weninger et al., 2006; Weninger and Mohun, 2007)

to visualise the entire length of the body axis of embryos at

E13.5 when somitogenesis has ceased (Gossler and Tam,

2002; Sewell and Kusumi, 2007). In summary, embryos were

embedded in fluorescent methacrylate resin, sectioned under

the microscope, and a surface image captured after each sec-

tion. The resulting digital image series was converted to a vol-

ume data set in order to count total somites (Section 4.6).

Accurate counting reveals that lengthening Lfng does not

affect the total number of somites formed. Homozygous L10

embryos and control, sibling heterozygotes develop similar

numbers of somites (63.0 ± 1.0, n = 3 and 63.3 ± 1.7, n = 4,

respectively) (Movies S1–S6, Fig. 4H–M), equivalent to the

number in C57Bl/6J wild-type embryos (63.7 ± 0.6 somites,

n = 3) and other, unrelated mouse embryo strains (A.Vezzaro.

and T. Mohun, unpublished data). These results show clearly

that lengthening Lfng primary transcripts by 10 kb does not

cause a significant delay in segmentation clock period.

3. Discussion

3.1. Lengthening Hes7 causes mis-splicing

In this paper, we characterise transgenic mice in which the

endogenous Hes7 and Lfng genes were lengthened to delay

their transcription. However, inserting 10 or 20 kb of
exogenous dystrophin DNA into a Hes7 intron caused mis-

splicing and premature translational termination, thereby

inactivating the lengthened gene. By contrast, expression of

the Lfng gene lengthened by 10 kb was normal, as is segmen-

tation of the homozygous animals. We discuss the relevance

of these results in terms of the kinetics of transcription, ef-

fects on somite size and number, and future strategies for

studying the segmentation oscillator.

We targeted mouse Hes7 for lengthening because the gene

is strongly implicated in regulating embryonic segmentation,

both as an output of the clock and also as a candidate compo-

nent of the clock circuitry (Bessho et al., 2003, 2001b; Hirata

et al., 2004; Niwa et al., 2007, 2011; Takashima et al., 2011). In-

deed, dynamic expression of hairy-related genes in precursor

tissue is a consistent feature of segmentation in vertebrates

and in several invertebrates (see Section 1). However, both

of our intron-insertion constructs essentially inactivated the

gene, as evidenced by the null-like somitic and skeletal phe-

notypes (Fig. 2F, H and I), and the complete lack of correctly-

spliced Hes7 mRNA in homozygous mutant embryos (Table 2).

Both lengthened Hes7 alleles are transcribed in wildtype pat-

terns, as judged by in situ hybridisation on heterozygous em-

bryos (Figs. 1E and F and 2B–D), but their transcripts are

incorrectly spliced to encode truncated proteins that lack crit-

ical dimerisation and corepressor-binding domains (Bessho

et al., 2001a).

Hes7 mis-splicing is not due to sequences within the 10 kb

dystrophin insertion because it does not cause mis-processing

when inserted into Lfng. Rather, the defective Hes7 processing

must be due to the site of insertion. The targeted Hes7 intron

is much shorter than that of Lfng (312 vs 4005 bases); perhaps

the short intron is selectively unable to tolerate extreme (30-

fold for Hes7) lengthening. Alternatively, the insert might

interrupt specific cis-acting sequences required for splicing

of Hes7 exon 3.

3.2. Lengthened Lfng segments normally

By contrast, lengthening Lfng by 10 kb affects neither its

expression nor somite formation. Somite length, vertebrae

number, and axial skeleton length and proportion are normal

in homozygous L10 embryos (Figs. 3F–H, 4G), indicating that

segmentation is normal. In particular, somite counts by HREM

http://www.embryoimaging.org
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Fig. 3 – Normal somitogenesis in L10/L10 embryos. (A–D)

Lfng mRNA, visualised by in situ hybridisation with a Lfng

cDNA probe, shows dynamic expression in the PSM of L10/

L10 E9.5 embryos (arrowheads point at Lfng expression

domains in the PSM). (E) Agarose gel of RT-PCR products

amplified from total RNA from individual embryos using

primers from Lfng exons 1 and 4; the Lfng wildtype RT-PCR

product is 562 bp; the side-product present in the H20/H20

lane (which is wildtype for Lfng) is described in Section 4.5.

(F and G) Regular domains of the caudal somite marker

Uncx4.1 (F) and the cranial somite marker Tbx18 (G),

visualised by in situ hybridisation to L10/L10 E11.5 embryos,

indicate that regular somites (e.g. red arrows) have been

generated. fl, forelimb; hl, hindlimb. (H) Axial skeletons of

L10/L10 E18.5 foetuses are regular and indistinguishable

from wildtype; a lateral (top) and dorsal (bottom) view is

shown; see legend to Fig. 2G for annotations.

M E C H A N I S M S O F D E V E L O P M E N T 1 2 9 ( 2 0 1 2 ) 6 1 – 7 2 67
shows that L10 embryos develop normal numbers of somites

(Fig. 4H–M, Movies S1–S6). Comparative studies of mouse,

chicken, corn-snake and, particularly, zebrafish indicate that

this total is controlled separately from clock periodicity itself,

and that small differences in clock period can lead to signifi-

cant alterations in somite number, in particular in the tail

(Gomez et al., 2008; Schröter and Oates, 2010). L10/L10 have

a normal number of somites at E13.5, the time by which somi-

togenesis has ceased, indicating that the period of the seg-

mentation clock has not been affected.
One explanation for this result is that Lfng is not a clock

component, and that its cyclic expression is driven by an up-

stream, Lfng-independent oscillator. Indeed, requirements for

Lfng during segmentation seems to vary along the body-axis,

being essentially dispensable in the sacral region (Shifley

et al., 2008; Stauber et al., 2009). Several signalling pathways

cycle during segmentation (Dequéant et al., 2006; Krol et al.,

2011), any of which could represent a pacemaker clock that

drives the others’ oscillations.

Alternatively, Lfng oscillations might contribute to the

clock but not be rate-limiting. The clock could involve redun-

dant oscillators that can compensate for each other, either

completely or partially, so that modulating the kinetics of Lfng

expression has only subtle effects on the clock. Kim et al.

(2011) recently showed that upregulation of mouse Notch

activity (by loss of its repressor Nrarp) extends the period of

the segmentation clock causing formation of fewer somites,

while repression of Notch (with a c-secretase inhibitor) has

the opposite effect. These results are consistent with Notch

signalling being an integral aspect of the segmentation clock.

As we did not detect changes in somite number in L10/L10

embryos it is likely that transcriptional elongation is not rate-

limiting for Lfng expression. This explanation is supported by

a recent reappraisal of vertebrate transcriptional kinetics

measured during recovery from inhibiting progression from

transcriptional initiation to elongation (Singh and Padgett,

2009). Our transgenic experiments were based on a previous

consensus elongation rate of 1.2 kb/min (Femino et al., 1998;

Lewis, 2003; O’Brien and Lis, 1993; reviewed in: Swinburne

and Silver (2008) and Tennyson et al. (1995)), whereby a

10 kb increase in primary transcript length would delay tran-

scription by 8 min and lengthen clock period by about 16 min

(Lewis, 2003). However, analysis of a wide variety of endoge-

nous human genes showed them to be elongated 3-fold faster

at 3.8 kb/min (Singh and Padgett, 2009). At such speeds, a

10 kb insertion would delay transcriptional elongation by less

than 3 min and the period of the clock by only 5 min, i.e. by

less than 5% (Lewis, 2003). Shortening transcripts by less than

6 kb (as in cLfng;Lfng�/� embryos) would also not be expected

to affect the timing of segmentation significantly.

3.3. Strategies for altering clock period

Despite our inability so far to alter clock periodicity, alter-

ing candidate delay processes remains the best strategy for

defining clock components and circuitry. In principle, one

could attempt to lengthen or shorten other steps of macro-

molecular synthesis (e.g. protein translation, modification or

stability). However, the kinetics of these processes are even

more poorly understood than that of transcription, and thus

even more difficult to manipulate predictably. For example,

Hirata et al. introduced into transgenic mice a Hes7 point

mutation that increases the protein’s half-life in cultured cells

without affecting its activity (Hirata et al., 2004). However, the

mutant mice show a recessive Hes7 null-like phenotype in

which cyclic expression is lost, leaving open whether this

phenotype is due to altering pacemaker kinetics or to loss

of in vivo repressive activity.

Another implication of the recent reassessment of tran-

scriptional elongation kinetics is that RNA processing may



Fig. 4 – Wildtype-like segmentation after lengthening and shortening of Lfng. (A–F) Examples of embryos labelled with Uncx4.1

caudal somite marker for simple measurement of somite length. Genotype and developmental stage [22, 23, or 24 somite (s.)

stages] are indicated. All embryos were processed, stained, and photographed in parallel without changing the settings, so that

their images can be used for direct size comparisons. (G) Length of the axial skeleton of wildtype, L10/+, L10/Lfng�, L10/L10,

homozygous cLfngcDNA;Lfng�/� and Lfng�/� E18.5 foetuses (for an exemplary image see Fig. 3H). Cervical and thoracic (c + t;

green), lumbar (l; yellow), sacral (s; blue) body region and tail (orange) are depicted separately and aligned to the left for easier

comparison of length. Numbers of skeletons analysed is given on the right. Error bars (standard deviation) are shown on the

right side of each box (only the left arm of the error bar extending inside the box is shown); c.f. Table 4; data for wildtype,

cLfngcDNA;Lfng�/� and Lfng�/� are taken from Stauber et al. (2009). (H–M) Examples of E13.5 embryos imaged via HREM for somite

count (see also Movies S1–S6). Genotype is indicated. (H, J and L) Side view of the trunk region, the 1st, 10th and 30th somites are

indicated (arrows). (I, K and M) Side view of the tail region, the 60th somite is indicated (arrows).
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Table 5 – List of primers used for genotyping mice.

Genotype Sequence of primer pair

neo TGGGCACAACAGACAATCGGCTGCTCTG
CGGCAAGCAGGCATCGCCATGGGTC

cre AGAAAACGTTGATGCCGGTGAACG
CAGCCACCAGCTTGCATGATCTCC

10 kb dystrophin insert GGGTAAACAGGAACGCTTCAGG
CCATGGGAAAAGCAAACTGACC

20 kb dystrophin insert CCAATTGGCTGAAAGCAAAAGG
ATGGTGCAAGGATTGGAATTGG

Wildtype Hes7 (flanking intron insertion site) CGAAGCTGGAGAAAGCGGAGAT
CGGAAGCCGGACAAGTAGCAG

Wildtype Lfng (flanking intron insertion site) CTGGCAGGCTGTGTCAATAAGG
CGAGTGAACTGGCCTCTTAGCC

Hes7lacZ KO allelea AGAAAGGGCAGGGAGAAGTGGGCGAGCCAC
TTGGCTGCACCCCGGGGGATCCACTAGTTC

Wildtype Hes7 (i.e. lacking lacZ insertion)a AGAAAGGGCAGGGAGAAGTGGGCGAGCCAC
GTTCTGAGAGCGAGAGGGGGTCTGGGATGG

neor insertion in Lfng KO allele ACCGCTTCCTCGTGCTTTACG
AGGAACAAATATGGCCATTCACTCC

a Hes7 primer sequences kindly provided by Hiromi Hirata, Kyoto University.

Table 3 – Relative somite lengths in wildtype, L10/L10 and clfngcDNA;lfng�/� embryos at 20–27 somite stages.

Embryonic stage
(somite number)

20 21 22 23 24 25 26 27

Wildtype n.d. 2.0 ± 0.2;
2.1 ± 0.4

2.6 ± 0.2 2.3 ± 0.1 n.d. 2.8 ± 0.1;
2.6 ± 0

3.1 ± 0.2 n.d.

L10/L10 1.9 ± 0 2.4 ± 0.2 2.7 ± 0.2 2,2 ± 0.1 2.6 ± 0.2 3.2 ± 0.1;
2.8 ± 0.1;
3.1 ± 0.3;
3.0 ± 0.1

3.3 ± 0.4;
3.1 ± 0.1

n.d.

cLfngcDNA;Lfng�/� n.d. n.d. 2.0 ± 0.1 n.d. 2.7 ± 0.1 2.6 ± 0.1 n.d. 3.2 ± 0.6

Each measurement corresponds to the average length (in mm; mean ± SD) of the last three somites sI, sII, sIII of an individual embryos at the

embryonic stage indicated, taken from a magnified image of Uncx4.1 stained embryos. n.d., not determined. n = 22.

Table 4 – Comparison of the length of body regions and the number of tail vertebrae in L10/+, L10/L10 and L10/Lfng� E18.5
skeletons.

L10/+ L10/L10 L10/Lfng�

Number of E18.5 skeletons analysed 8 24 5
Length of whole vertebral column (mm) 29.4 ± 1.3 28.7 ± 0.9 27.8 ± 0.5
Length of cervical + thoracic region (mm) 10.4 ± 1.1 10.4 ± 0.6 9.2 ± 0.6
Length of lumbar region (mm) 4.4 ± 0.6 4.7 ± 0.4 4.6 ± 0.4
Length of sacral region (mm) 2.8 ± 0.4 2.5 ± 0.4 2.8 ± 0.3
Length of tail (mm) 11.9 ± 1.0 11.0 ± 0.7 11.1 ± 0.6
Number of tail vertebrae a 29.9 ± 1.2 29.0 ± 1.0 30.0 ± 0

a Number of cervical (7), thoracic (13), lumbar (6) and sacral (4) vertebrae was normal in mice of all genotypes except for one missing lumbar

vertebra in an L10/+ and two L10/L10 foetuses, a phenotype also occasionally observed in wildtype mice.

M E C H A N I S M S O F D E V E L O P M E N T 1 2 9 ( 2 0 1 2 ) 6 1 – 7 2 69
prove to be a rate-limiting step in generating mature tran-

scripts. Singh and Padgett show that intron splicing takes

5–10 min, for a wide range of sizes (between 1.2 and 243 kb;

Singh and Padgett, 2009). If elongation and processing of clock
genes in the PSM were to show similar in vivo kinetics, delays

associated with RNA splicing, especially of the 3 0-most

intron(s), might contribute more to determining clock period

than transcriptional elongations. Indeed, evidence for this
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view comes from a recent paper in which cyclic expression of

an intronless Hes7 gene in transgenic mice disrupts both the

clock and segmentation (Takashima et al., 2011). For these

reasons, it will be important to measure accurately the

in vivo kinetics of elongation, processing and export of candi-

date clock transcripts in the PSM, in order to design con-

structs that modulate clock period without abolishing

cycling completely.

4. Experimental procedures

4.1. Generation of knock-in mice with lengthened alleles of
Hes7 or Lfng

We modified the vector pFloxRI.GCK (supplied by the Trans-

genics Lab., Cancer Research UK, London Research Institute)

so that it contained two multiple cloning sites (containing

restriction sites SfiI, HincII, XbaI and MluI, ClaI, XhoI, NheI,

Bsu36I, HindIII, respectively), one on each side of a floxed neo-

mycinr gene. In order to insert the transgene into the NcoI site

of the 3rd Hes7 intron, we cut the 2753 bp StuI–NcoI fragment

(homology region 1: part of the Hes7 promoter region, the first

3 Hes7 exons, introns 1, 2 and the 5 0 part of intron 3) and the

1490 bp NcoI–Bsu36I fragment (homology region 2: 3 0 part of

the 3rd intron, exon 4 and 3 0 flanking region) from the Hes7 lo-

cus and cloned them into the HincII–XbaI and XhoI–Bsu36I

sites of the vector using short NcoI–XbaI and XhoI–NcoI

DNA adapters. For the transgenic insertion into the XbaI site

of the first Lfng intron we cut the 2123 bp BssHII–XbaI frag-

ment (homology region 1: fragment of Lfng intron 1) and the

3149 bp XbaI–SacI fragment (homology region 2: 3 0 part of in-

tron 1 up to exon 8) from the Lfng locus and cloned them into

the SfiI–XbaI and NheI–HindIII vector sites using short SfiI–

BssHII and SacI–HindIII DNA adapters.

A 10,440 bp (10 kb) fragment from intron 63 of human dys-

trophin (DMD) was PCR-amplified (using TaKaRa LA Taq and

primers acg cgt AGC CAT CTG CCC ATC TCG GCT TCC and

Tat cga tTC GGT GGC TCG CGC CTG TAA TCC) from the BAC

RP11–609C15 (Roswell Park Center Institute Human BAC li-

brary; GenBank Accession No.: AC078958). MluI and ClaI

restriction sites were introduced via the primers (lower case

bases) and used to clone the PCR product into pZErO-1 (Invit-

rogen) with a modified multiple cloning site and from there

into the targeting vectors already containing the Hes7 or Lfng

homology regions. A 20,933 bp (20 kb) fragment of human dys-

trophin intron 62 was released from the same BAC by digestion

with MluI, purified with a Micro Bio-Spin 30 chromatography

column (Bio-Rad), and cloned into the MluI site of the Hes7

and Lfng targeting vectors containing the respective homol-

ogy regions. All four targeting vectors were validated.

Targeting vectors linearised with SfiI were electroporated

into mouse 129/Sv embryonic stem cells. Isolated, neo-resis-

tant clones were screened by PCR (TaKaRa LA Taq, see Table 5

for primers) and Southern Blot analysis (for position of probes

and restriction sites used see Fig. 1) for correct insertion of the

transgene. Homologous recombinant stem cell clones were in-

jected into C57Bl/6J blastocysts, and chimeras crossed to C57Bl/

6J mice for germline transmission. Transgene-bearing off-

spring were crossed to PGK-cre mice to remove the floxed neo-

mycinr gene. For sequences of genotyping primers see Table 5.
4.2. Mouse lines

Knock-in mice were kept in the C57Bl/6J background which

also served as a wildtype control. The Lfng null line was ob-

tained from Randy Johnson (Evrard et al., 1998) and the Hes7

null line from Ryoichiro Kageyama (Bessho et al., 2001b). 5kL

mice (Stauber et al., 2009) carry a randomly integrated trans-

gene driving a chick Lfng cDNA (cLfngcDNA) from a mouse Lfng

cycling promoter. Endogenous Lfng activity was removed by re-

peated breeding with Lfng null mice. cLfngcDNA is expressed in

an oscillatory manner in wildtype and Lfng�/�mice and essen-

tially rescues the segmentation phenotype in the latter.

cLfngcDNA primary transcript is 2.5 kb long and includes a

1.3 kb 3 0UTR derived from the pLacZ-Basic vector (Clontech).

This 3 0UTR contains the SV40 small t antigen intron and SV40

early polyadenylation signal. For comparison, the mouse Lfng

primary transcript is 8.2 kb long and contains 7 introns. All ani-

mals were handled in strict accordance with good animal prac-

tice as defined by the Animals (Scientific Procedures) Act 1986

and in accordance with the Codes of Practice for the use of ani-

mals in scientific procedures issued by the UK Home Office.

4.3. In situ hybridization of mouse embryos

In situ hybridization of mouse embryos was performed as

described (Henrique et al., 1995; Stauber et al., 2009). Probes

for Hes7 first intron, Tbx18 and Uncx4.1 were prepared as de-

scribed in (Stauber et al., 2009); Lfng first intron probe as de-

scribed in (Morales et al., 2002).

For the 10 kb dystrophin intron probe, a 913 bp fragment

was PCR-amplified using the primer pair GTC CTT GTG CAA

GGG TTT CTG C;CTC CCG ACC TCA AGT GAT CTG C. Ribo-

probes produced for the 20 kb dystrophin intron did not result

in a staining, probably due to insufficient binding of the probe

to the pre-mRNA.

4.4. Skeleton preparation

Skeletons were prepared and stained with alcian blue/aliz-

arin red S following standard procedures. All photos were ta-

ken with a Leica DC500 digital camera and Leica Firecam

version 1.7.1 software.

4.5. RT-PCR analysis of Hes7 and Lfng transcripts

Total RNA was isolated from individual E9.5 embryos of the

genotypes +/+, H10/+, H10/H10, H20/+, H20/H20 and L10/L10

using the RNA Easy Kit (Qiagen). RT-PCR was carried out using

the ‘‘SuperScript III One-Step RT-PCR System with Platinum

Taq High Fidelity’’ (Invitrogen) and the following primer pairs:

Hes7_exon1 GAGCAATGGTCACCCGGGAGCG/ Hes7_exon4

TCTGTAAGGCGGTGGCGGTGGC; Hes7_exon1 GAGCAATGGTC

ACCCGGGAGCG/ 10kbDys_insert TTTTCCCATTGCCAATCAA

ATGC; or Lfng_exon1 AGCTCCGGCTTCAGGGTCC AGG/

Lfng_exon4 CCGTTCTGTGGCCTGGATGGGC (following the

manufacturer’s instructions; 2 ll template RNA per reaction,

cDNA synthesis for 30 min at 55 �C, 55 �C annealing tempera-

ture, 1 min extension time). Specific PCR products were sub-

cloned into pCR4-TOPO (Invitrogen) and sequenced.

Occasionally, RT-PCRs gave unspecific side products that are

visible on Figs. 2K and 3E. Hes7 exon1–exon 4 amplified a
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900 bp genomic sequence from chromosome 6 containing

homeodomain-interacting protein kinase 2 (Accession No.:

NT_039341). Lfng exon 1–exon 4 amplified a 660 bp genomic

fragment from chromosome 5 containing autism susceptibility

gene 2 protein (Accession No.: NT_039314) and a 270 bp geno-

mic fragment from chromosome 9 containing ribonucleoprotein

PTB-binding 1 (Accession No.: NT_039472).
4.6. High resolution episcopic microscopy

E13.5 embryos were fixed in 4% formaldehyde in PBS and

dehydrated through 30%, 50%, 60%, 90% and 100% methanol

with addition of 0.275 g/100 ml eosin B in the last three steps.

Samples were impregnated in 50% methanol and 50% JB4

(Polyscience) for at least 2 h, and then embedded in JB4 con-

taining 1.25% catalyst, 0.275% eosin B and 0.055% acridine or-

ange as per the manufacturer’s instructions. Embryos were

processed as described in Weninger et al. (2006) and Weninger

and Mohun (2007) and <http://www.embryoimaging.org>.

About 6 lm sections were imaged with a GFP filter set, and

the resulting image series further processed and analysed

using ImageJ. OsiriX <http://www.osirix-viewer.com> was

used for the 3D reconstruction.
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Dequéant, M.L., Glynn, E., Gaudenz, K., Wahl, M., Chen, J.,
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