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Sequential production of body segments in vertebrate embryos is
regulated by a molecular oscillator (the segmentation clock) that
drives cyclic transcription of genes involved in positioning in-
tersegmental boundaries. Mathematical modeling indicates that
the period of the clock depends on the total delay kinetics of
a negative feedback circuit, including those associated with the
synthesis of transcripts encoding clock components [Lewis J (2003)
Curr Biol 13(16):1398–1408]. Here, wemeasure expression delays for
three transcripts [Lunatic fringe, Hes7/her1, and Notch-regulated-
ankyrin-repeat-protein (Nrarp)], that cycle during segmentation in
the zebrafish, chick, and mouse, and provide in vivo measure-
ments of endogenous splicing and export kinetics. We show that
mRNA splicing and export are much slower than transcript elon-
gation, with the longest delay (about 16 min in the mouse) being
due to mRNA export. We conclude that the kinetics of mRNA and
protein production and destruction can account for much of the
clock period, and provide strong support for delayed autorepres-
sion as the underlying mechanism of the segmentation clock.
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Production of reiterated vertebrate structures is regulated by
an oscillator (the segmentation clock), proposed in 1976 (1)

and first visualized as driving cyclic transcription in the pre-
somitic mesoderm (PSM), a zone of unsegmented cells from
which epithelial balls of tissue, the somites, bud off and generate
repetitive axial structures, such as the vertebrae, ribs, and skel-
etal muscles (2–4). According to this “clock-and-wavefront”
mechanism, cells advance through the PSM until they encounter
a differentiation wavefront that causes the clock to slow down and
freeze. As neighboring clocks are synchronized via Notch sig-
naling, the cyclic transcript pattern appears as a kinematic wave
traveling anteriorly through the PSM once per clock cycle (5–7).
Central to current models of the segmentation clock is the

idea of delayed negative-feedback loops whose period of oscil-
lation is determined by the delay kinetics of individual steps in
the loop (8). In the simplest model, a gene represses its own
transcription directly, and the period of the cycle is largely gov-
erned by delays inherent to the production of competent re-
pressive protein (i.e., the times taken to produce a functional
transcript, to translate an active protein, to initiate repression,
and to degrade the mRNA and protein) (8). This model is suf-
ficient to account for oscillatory expression of the her1/her7
genes, which encode redundant Hairy/Hes-related transcrip-
tional repressors, in the zebrafish PSM.
Several negative-feedback loops can cycle within the PSM,

most notably in the Notch, Wnt, and FGF signaling pathways.
The hairy-related Notch target genes cycle not just in the
zebrafish (her1/her7) but in the mouse (Hes7) and chick (c-hairy1/
Her1), and appear to autorepress their own expression either
directly or indirectly. Ectopic expression of her1 and her7 in
zebrafish embryos represses endogenous expression of her1 and
her7 (9), and theHes7 promoter is ectopically activated inHes7−/−

mice (10). Notch signaling also oscillates (11, 12), and may reg-

ulate its own activity via Lunatic fringe (Lfng), which cycles in the
chick and mouse PSM, and encodes a glycosyl-transferase that
posttranslationally inhibits the activity of the Notch receptor (13,
14). Hes7 and Lfng are both required for normal somite forma-
tion; mouse mutations in either gene disrupt clock output and
segmentation (10, 15). Evidence of negative regulation of Wnt
and FGF signaling comes from cyclic expression in the mouse and
chick of the negative Wnt regulators Axin2 and Dkk1, as well as
the FGF inhibitors Sprouty-2 and Sprouty-4 and Dusp-4 and
Dusp-6 (16).
It is unclear which of these pathways contribute to determining

the pace of the clock, although dynamic Notch signaling is evo-
lutionarily conserved in animals undergoing progressive segmen-
tation (16, 17). It is also not known how species-specific differences
in clock period (e.g., 30 min in zebrafish, 90 min in chick, and 120
min in mouse) arise.
To understand how the clock works, we need to identify both

its circuitry and the delays in the circuit. Protein translation is
very rapid (18, 19), and thus is unlikely to affect clock period
significantly. However, production of mature transcripts is slower
and more likely to contribute to clock period. Lewis and col-
leagues (9) have estimated that her1 is subject to a total tran-
script delay of 5 min in the zebrafish PSM, which is consistent
with the kinetic constraints required for a 30-min clock period.
However, the zebrafish segmentation clock oscillates particularly
quickly, and so may differ mechanistically from slower clocks,
such as those in the chick or mouse.
Estimates of transcript elongation rates in vertebrates have

varied greatly among different systems (0.7–4.3 kb/min) (20) and
have usually relied on ex vivo analysis of gene expression, often
of unusually long or synthetic genes in cultured cells. Recent
measurements have converged toward a mean rate of 3.1–4 kb/min
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in cultured mammalian cells (21–25), and an elongation rate of
4.8 kb/min has been measured in zebrafish embryos (26).
Less is known about the kinetics of mRNA processing and

export. Ex vivo measurements measured splicing delays in hu-
man cells of 5–10 min independent of intron lengths (24), and
the kinetics of exporting nuclear mRNA into the cytoplasm have
been estimated to range between 5 and 30 min depending on
messenger RNP diffusion coefficients and nuclear environment
(21, 27, 28).
The periodicity of oscillatory expression of Hes1 in mouse

cultured cells matches that of Hes gene expression in the PSM
(29), suggesting that ex vivo transcript kinetics also apply in vivo
and that posttranscriptional delays in mRNA production might
have a profound impact on the clock circuitry. Intron delays can
be important for engineered feedback loops (30), and splicing
delays seem to be critical for segmentation periodicity in the
mouse (31).
In this paper, we measure the transcript kinetics of several

endogenous segmentation genes in zebrafish, chick, and mouse
embryos. Using a combination of quantitative RT-PCR (qRT-
PCR) in cell culture and in vivo time-correlated FISH, we show
that delays due to transcriptional elongation of cycling Notch
pathway genes are brief. We find that mRNA splicing, and
maturation and nuclear export in particular, are rate-limiting in
generating functional transcripts and increase with the clock
period in the different species.

Results
Transcript Kinetics of Lfng and Hes7 in Cultured Cells. The clock
period varies widely among different animals, presumably due to
interspecies differences in circuit kinetics. To provide a quanti-
tative basis for transcriptional delays that might contribute to
negative-feedback models of the segmentation clock, we exam-
ined two Notch pathway genes, Lfng and Hes7, that cycle in the
PSM during segmentation.
We initially measured the kinetics in stable mouse C3H10T1/2

cell lines containing hormone-inducible constructs driving ex-
pression of mouse Lfng or Hes7 primary transcripts (Materials
and Methods). Following induction, nuclear and cytoplasmic
accumulation of various RNA regions was monitored using qRT-
PCR. We determined elongation and splicing kinetics by am-
plifying primary or spliced RNAs with appropriate exon, intron,
and junction-spanning primers, and we compared nuclear and
cytoplasmic fractions to calculate postsplicing delays (which we
refer to as “export” delays) (Fig. 1A and Materials and Methods).
Delays were measured by comparing onset times as determined
by regression analysis (Fig. 1B and Materials and Methods).
To estimate elongation kinetics, we compare the onset times

of introns 1 and 7, which lie 6.3 kb apart on the primary Lfng
transcript (Fig. 1A and Materials and Methods). There was no sig-
nificant time delay in these introns’ expression (intron 1: 10.2 ±
2.6 min, intron 7: 9.4 ± 2.3 min; Fig. 1 C, i; P > 0.7), indicating
that elongation is indeed very rapid. The extended lag before
detecting induced transcripts is probably caused by delays in
hormone transport and transcript initiation. Recently reported
elongation rates of 3.5–4 kb/min (24) predict an elongation time
of 1.5–1.7 min for Lfng, which is too fast for us to measure. We
would also not expect to be able to measure the elongation ki-
netics of the even shorter Hes7 gene (Fig. 1 D, i).
Such short elongation delays would not contribute greatly to

transcript kinetics, and so we tested if RNA splicing might im-
pose a significant delay. We measured the splicing kinetics of
Lfng and Hes7 using primer pairs selective for unprocessed and
processed transcripts. We find that splicing is much slower than
elongation. For Lfng introns 1 and 7, the mean delay between
spliced and unspliced transcript accumulation is 7.9 ± 2.3 min
and 7.4 ± 3.6 min, respectively (Fig. 1 C, ii and iii and E; Table 1;
and Materials and Methods). Hes7 introns 1 and 3 splice more

slowly (two-way ANOVA, P= 0.05) with delays of 11.6 ± 3.2 and
11.7 ± 2.4 min, respectively (Fig. 1 D, ii and iii and E). These
timings are broadly consistent with previous measurements of ex
vivo splicing kinetics in cultured cells (24).
mRNA synthesis depends also on postsplicing mRNA matu-

ration and nuclear export into the cytoplasm. The former has
been reported to be rapid and cotranscriptional (32, 33). This is
indeed the case for polyadenylation in our inducible system; we
were unable to detect a delay between the splicing of Hes7 exons
1/2 and polyadenylation of the transcripts (Fig. 1F).
By contrast, export from the nucleus appears even slower than

splicing. We analyzed the appearance of spliced RNAs in the
nucleus and cytoplasm, and found similar mean delays between
splicing across Lfng exons 1/2 and 7/8 and the arrival of transcripts
in the cytoplasm (16.6 ± 2.1 and 17.6 ± 2.3 min, respectively) (Fig.
1 C, ii and iii and E). The similarity of these measurements
indicates that elongation is indeed rapid and that there is little
delay between the splicing of these Lfng exons. Hes7 export is yet
slower, at 25.4 ± 2.4 and 21.0 ± 3.9 min for spliced exons 1/2 and
3/4, respectively (P < 0.01; Fig. 1 D, ii and iii and E), confirming
that nuclear export ex vivo delays production of functional for
Lfng and Hes7 mRNAs even more than splicing.

Transcript Elongation Is Rapid in Vivo. To measure transcript ki-
netics in vivo, we analyzed Lfng and Hes7 expression during
embryonic segmentation. As PSM cells mature and become dis-
placed during axial extension, the segmentation clock slows,
causing anterior cells to activate transcription of cycling genes
slightly later than posterior cells. This lag between generating
a primary transcript and its export into the cytoplasm means that
although nuclear and cytoplasmic cycling transcripts show very
similar expression patterns (10, 34), the domain of nuclear
transcripts lies slightly anterior to that of cytoplasmic transcripts
(9) (Fig. 2 A, iv and v). Thus, time delays correspond to spatial
displacements (9).
We used FISH to define the anterior boundaries of pro-

gressive stages of mRNA synthesis, maturation, and localization
in mouse embryonic day (E) 10.5 embryos (Fig. 2A). For each
transcript species, we plotted anteroposterior intensity distribu-
tions and defined the anterior boundary as the anterior inflection
point because it could be identified reliably, and because simu-
lations showed it to be relatively invariant to probe-specific dif-
ferential sensitivity. Nuclei were stained to allow computational
separation of nuclear and cytoplasmic signals. Spatial displace-
ments were converted into temporal delays based on the math-
ematical relationship between position in the PSM, distance
between successive transcript stripes in the PSM, and clock pe-
riod (Materials and Methods) (9).
To assay elongation kinetics, we used double-label FISH to

compare the expression domains of Lfng introns 1 and 7. Both
probes stain only dots in the nucleus, as expected for detection of
nascent, primary transcripts and consistent with splicing being
complete before transcripts are released from chromatin. We
were unable to visualize a displacement between these probes’
anterior boundaries (n = 4; Fig. S1), indicating that transcrip-
tional elongation in vivo is rapid, like in cultured cells.

Measuring in Vivo Splicing Kinetics. A comparison between intron-
encoding and intronless luciferase-Hes7 reporters in the mouse
PSM previously indicated that intron-splicing retards expression
of the Hes7 segmentation gene by about 19 min (31). Such a
delay would contribute substantially to the segmentation clock
but is considerably longer than the 5- to 10-min delay typical of
cultured cells (24, 35).
We determined the kinetics of Lfng and Hes7 splicing in the

mouse PSM directly using double-labeled FISH. We visualized
unspliced RNA with probes against the first Lfng or Hes7 introns
and detected spliced transcripts with probes spanning exons 1–4
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of Lfng or Hes7, which have only short contiguous homologies to
unspliced products. Evidence that such bridging probes fail to
detect unspliced products comes from their detection of posteri-
orly displaced domains compared with intron probes (e.g., Fig. 2A)

and the failure of short contiguous probes to detect any transcripts
under our conditions.
Both probes show typical patterns of cyclic Lfng staining in

the PSM. Signal from unspliced probes is only nuclear, whereas
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Fig. 1. Ex vivo measurement of transcript elongation, splicing, and export delays of mouse Lfng and Hes7. (A) Schematic indicates the position of qRT-PCR
target amplicons on Lfng pre-mRNA (i), Lfng mRNA (ii), Hes7 pre-mRNA (iii), and Hes7 mRNA (iv). (B) Graph illustrates RNA accumulation kinetics fitted to
a sigmoidal curve (Materials and Methods). The red dashed line indicates how regression from the inflection point to the baseline expression level gives
a proxy measure for expression onset (T0). Timings generated by this method are relatively insensitive to differences in expression levels and amplification
efficiencies (with the latter being exemplified by Lfng introns 1 and 7). Graphs illustrate accumulation of the indicated species of mouse Lfng (C) or Hes7 (D)
transcript measured by qRT-PCR after induction of expression. Representative examples from three biological replicates are shown. Error bars indicate SD
from three technical replicates (also in E and F). (E) Chart shows delay between the onset of accumulation of pre-mRNA and spliced mRNA (splicing offset) and
nuclear mRNA and cytoplasmic mRNA (export offset). (F) Accumulation of polyadenylated Hes7 exon 1,2 vs. total Hes7 exon 1,2.
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splice-specific probes stain both nucleus and cytoplasm, as pre-
viously observed with longer individual probes targeted to Lfng
and Hes7 (11, 12, 34) (Figs. 2 B and 3 A, iii). The domains of

unspliced and nuclear spliced transcripts largely overlap, but the
anterior boundary of the former lies consistently anterior of the
latter, with a spatial displacement corresponding to a splicing

Table 1. Ex vivo and in vivo delay measurements

Gene Region Ex vivo splicing delay Ex vivo export delay In vivo splicing delay In vivo export delay

Mouse Lfng Intron 1 7.9 ± 2.3 (3) 16.6 ± 2.1 (3) 9.7 ± 2.8 (5) 16.1 ± 5.7 (13)
Intron 7 7.4 ± 3.6 (3) 17.6 ± 2.3 (3)

Mouse Hes7 Intron 1 11.6 ± 3.2 (3) 25.4 ± 2.4 (3) 12.5 ± 6.3 (8) 17.0 ± 8.3 (8)
Intron 3 11.7 ± 2.4 (3) 21.0 ± 3.9 (3)

Chick Lfng 6.7 ± 3.7 (22) 9.2 ± 4.8 (21)
Chick Her1 5.5 ± 2.2 (7) 9.6 ± 2.7 (11)
Chick Nrarp 11.0 ± 4.5 (11)
Zebrafish Her1 2.4 ± 1.1 (8) 3.36 ± 1.0 (8)

Values are in minutes, errors are SDs, and n values are indicated in parentheses.
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Fig. 2. In vivo Lfng transcript delays measured by multilabeled FISH. (A) FISH detection of unspliced Lfng (i) and spliced Lfng (ii) in E10.5 mouse PSM, with merge (iii).
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(B) Segmentation of multicolor FISH images. The nuclear channel (i) was manually thresholded to a binary image (red and blue) (ii), and used with stacked images of
unspliced (iii) and spliced (iv) RNA to generate images of the unspliced cytoplasmic (v), unspliced nuclear (vi), spliced cytoplasmic (vii), and spliced nuclear (viii) signals. Scale
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delay of 9.7 ± 2.8 min for Lfng (Figs. 2 C and D andMaterials and
Methods). Hes7 also suffers a transcriptional delay associated
with splicing (12.5 ± 6.3 min; Fig. 3B), which is of similar mag-
nitude to that for Lfng. Together, our results indicate that splicing
retards the in vivo production of mature mRNA substantially
more than transcriptional elongation.

Transcript Export Contributes Substantially to Transcriptional Latency.
In cultured cells, mRNA export is even slower than splicing. To
test if this also holds in vivo, we used splice-specific probes to
compare the appearance of spliced mRNA in the nucleus and
the cytoplasm. For Lfng, we find an export delay of 16.1 ± 5.7
min (Fig. 2D), consistent with that measured in cultured cells.
For Hes7, the delay in vivo is 17.0 ± 8.3 min (Fig. 3B), which is
not significantly different from that for Lfng (unlike in cultured

cells; Fig. 1E and Table 1). These data suggest that export delays are
likely to contribute even more to clock period than splicing delays.
Export of transcripts into the cytoplasm is functionally linked

to splicing; the transcription/export complex is deposited during
splicing at exon junctions and interacts with the nuclear export
receptor Tap/Nuclear RNA export factor 1 (36, 37). To test if
lack of introns affects in vivo export kinetics, we examined the
Notch-regulated-ankyrin-repeat-protein (Nrarp) intronless tran-
script, which also cycles in the PSM (38).
In accord with previous reports, we detect a strong, dynamic

Nrarp signal (Fig. 4 A, i) that accumulates in a relatively broad
region due to increased transcript stability (38). The latter should
not affect our determination of delay times, because onset (an-
terior) boundaries are unaffected by increased transcript persis-
tence. Comparing the domains of cytoplasmic and nuclear Nrarp
transcripts yields a delay of 14.5 ± 4.9 min (Figs. 4 A, ii–iv and B),
similar to those of the intron-containing transcripts. Thus, the
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lack of introns in Nrarp does not in itself impair or assist
mRNA export.

Interspecies Differences in Transcription Kinetics. The segmentation
clock period varies widely between species, consistent with their
differing developmental paces. For example, the segmentation
clock oscillates about threefold more slowly in humans than in
mice (39, 40). To study species-specific differences in more de-
tail, we analyzed splicing and export delays in chicken embryos,
whose segmentation clock is about 30 min shorter than in mice.
The pattern of oscillatory gene expression in the chick PSM

resembles that in the mouse (41, 42), and 13–18 somite chicken
embryos and mouse E10.5 embryos show similar distributions of
nuclear dots and diffuse cytoplasmic signal for unspliced and
spliced Lfng (Fig. 5 A, ii–v). The displacement between these sig-
nals predicts a splicing offset of 6.7 ± 3.7 min in the chick, 3 min
shorter than the splicing delay in the mouse (P = 0.07; Fig. 5 A,
vi and Table 1). Equivalent experiments on chick Her1/hairy1
reveal splicing delays of 5.5 ± 2.2 min (Fig. 5B and Table 1),
which is, again, less than in the mouse.
For the nuclear export of chick Lfng and Her1/hairy1 tran-

scripts, we find offsets of 9.2 ± 2.7 min and 9.6 ± 2.7 min, re-
spectively, which is about 7 min shorter than the delays in the
mouse (Fig. 5 A and B and Table 1). The export delay of chick
Nrarp is also shorter than in the mouse (11.0 ± 4.5 min; Fig. 5C
and Table 1). Thus, splicing and export in the chick PSM are

significantly faster than in the mouse, in accord with the for-
mer’s more rapid segmentation clock.
We also measured splicing and export kinetics in the zebrafish,

with its much faster, 30-min segmentation clock cycle. For her1,
we find splicing and export delays of 2.4 ± 1.1 min and 3.4 ± 1.0
min, respectively (Fig. 6), consistent with the previous estimates
of transcriptional delays in fish (9).

Discussion
Splicing Is Slow Compared with Transcriptional Elongation. We have
measured the in vivo kinetics of mRNA production to assess
likely contributions of transcriptional delays toward the verte-
brate segmentation oscillator. We show that in both cultured
cells and the PSM, elongation of Lfng and Hes7 segmentation
transcripts is much faster than their splicing, which, in turn, is
faster than their export. We also find longer in vivo transcrip-
tional delays (especially those associated with export) for species
with slower segmentation clocks.
Transcriptional elongation of our relatively short genes in

mouse cells and embryos was too rapid for us to measure, con-
sistent with previous fast rates measured ex vivo (Fig. S1) and
also with a recent measurement of transcriptional elongation
during zebrafish segmentation (4.8 kb/min) (22, 24–26, 43). Such
rapidity may partly explain why segmentation is normal in mice
with a lengthened Lfng gene (44).
Both ex vivo and in chick and mouse embryos, RNA splicing

of these transcripts introduces an 8- to 12-min delay (Figs. 1 and

unspliced Lfng
spliced Lfng

nuclei

spliced nuclear Lfngunspliced nuclear Lfng

spliced cyto Lfng

unspliced Her1
spliced Her1

nuclei
Nrarp
nuclei

A

iii iv

v

export

11.0±4.5min

position

in
te

n
si

ty

0 100 200 300 400 500
0

50

100

150

ii

B

export

9.2±4.8min

splicing

6.7±3.7min

0 100 200 300 400 500
0

50

100

150

position

in
te

n
si

ty

nuclear Nrarp

cytoplasmic Nrarp
export

9.6±2.7min

splicing

5.5±2.2min

position

in
te

n
si

ty

0 100 200 300 400 500
0

50

100

150vi
spliced nuclear Her1unspliced nuclear Her1

spliced cyto Her1

C
i ii’

iii iv

v

ii

vi

i ii’

iii

iv

ii

v

i ii’

Fig. 5. mRNA export and splicing delays measured in the chick PSM. Maximum z-projection of FISH for chick Lfng (A), Hairy1/Her1 (B), and Nrarp (C) shows (i)
embryo posteriors. Higher magnification images (ii) were segmented as in Fig. 2B to generate images of unspliced nuclear RNA (iii), spliced nuclear RNA (iv),
and spliced cytoplasmic RNA (v). Anteroposterior intensity profile graphs of one PSM are shown for each RNA species. Anterior inflection points are shown,
along with average export and splicing offsets from Table 1. Maximum z-projection of FISH against chick Lfng (A), Hairy1/Her1 (B), and Nrarp (C) shows
representative embryos at low (i) and higher (ii and ii′) magnification. Sets iii–v are as labeled, except that A, vi; B, vi; and C, v show the intensity graphs from
which measurements were drawn.

Hoyle and Ish-Horowicz PNAS | Published online October 22, 2013 | E4321

CE
LL

BI
O
LO

G
Y

PN
A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1308811110/-/DCSupplemental/pnas.201308811SI.pdf?targetid=nameddest=SF1


4 and Table 1). Nevertheless, all or most processing seems to
occur cotranscriptionally (i.e., while transcripts are still attached
to chromatin). Accordingly, we detect intron signals only as dots,
presumably representing the sites of transcription (22, 34), and
not in the nucleoplasm as with splice-specific probes (e.g., Fig. 2 A,
i and ii).
Different introns show similar although not identical ex vivo

kinetics (24). Because elongation is so rapid, the offset between
splicing tandem introns will be minimal, implying that splicing
delays should be largely independent of the number of introns
and depend on that of the slowest or last intron. Consistent with
this view, the delays between synthesis of the first and last introns
of Lfng and Hes7 and export of spliced mRNA are essentially the
same (Table 1), despite the former requiring excision of several
extra introns before export commences. Concurrent splicing of
multiple introns is also in agreement with a recent report that
removing Hes7 introns 1 and 3 in transgenic mice reduced ex-
pression kinetics by only 5 min (45). If splicing were sequential,
one would expect a reduction of 10–20 min (24, 46).

Nuclear Export Provides a Major Postsplicing Transcriptional Delay.
Nuclear export does not proceed until splicing is complete (47);

therefore, its delay should supplement that of splicing. We did
not detect a delay between the appearance of total and poly-
adenylated spliced RNA (Fig. 1F), supporting the view that cleav-
age and polyadenylation are rapid and occur very soon after
completion of the last exon (33).
Export delays are significant in all the systems we analyzed,

being equal to those of splicing in zebrafish and even longer in
mouse and chicken embryos (Table 1). Together, the two delays
explain most of the total transcript delay determined during ze-
brafish segmentation (9).
A likely source of export delay is the requirement for mature

mRNA to move from the site of transcription to the nuclear pe-
riphery. For freely diffusing transcripts, such a step would be ex-
tremely rapid. However, our much slower measurements are
consistent with previous (albeit divergent) estimates, which suggest
that transcripts undergo restricted diffusion at rates that vary
according to their messenger RNP composition (48–50). Addi-
tional export delays could also arise during docking of transcripts
with the pores, and transcript translocation across the pore into the
cytoplasm.Another potentially slow postsplicing step is detachment
from chromatin, which has been reported to be slow in mouse bone
marrow-derived macrophages for some long, processed transcripts
(43). We are unable to time this step for our genes in vivo.

Postsplicing Events Dominate Transcriptional Delays During Segmen-
tation. Our measurements indicate that splicing and export
delays together correspond to 16–25% of the segmentation clock
period in the three species examined. The period of a delayed
negative-feedback oscillator is about twice the sum of its delays,
so that our measured transcriptional delays alone account for
about half of the total clock period (8). Hes7 transcripts and
proteins have ex vivo half-lives of about 20 min (10, 51). These
degradation kinetics will contribute to the delays in the clock
circuitry, and thereby explain much of the rest of its period.
Thus, a single component transcriptional circuit can explain the
observed oscillations, at least for the zebrafish, chick, and mouse.
Previous work has suggested that the Hes7 splicing delay is

a major contributor to the mouse segmentation clock. Accumu-
lation of Hes7 transcripts and Hes7 protein in the PSM appears
substantially out of phase (10), with an estimated delay of 33 min
(31). This result is broadly consistent with our measurements of
the delay between initiating Hes7 transcription and accumulation
of cytoplasmic Hes7 mRNA (29.5 min; Figs. 1E and 3B).
Our measurements suggest that postsplicing delays contribute

more to clock period than splicing. Takashima and colleagues
(31) found that the presence of the Hes7 introns in a luciferase
reporter gene delay the appearance of luciferase activity by 19
min, which they attributed to the time required to remove
introns. We find much more rapid splicing of endogenous Hes7
(12.5 min ex vivo and 11.6 min in vivo) and of chick hairy1/Her1
and mouse and chick Lfng (Table 1).
Also, intron-free luciferase-Hes7 transcripts seem to be exported

much more rapidly than the transcripts we tested, including nat-
urally intronless Nrarp transcripts. Thus, active luciferase protein
becomes detectable 10 min after the onset of transcription (31)
which, if transcriptional elongation and protein translation and
folding takes 2–4 min, would correspond to an export delay of 6–
8 min. Nrarp suffers a much longer delay of 14.5 ± 4.9 min (Table
1), which is similar to that of endogenous Hes7 and Lfng.
Possible explanations for these apparent discrepancies include

differences between the transcript kinetics of endogenous Hes7
and the artificial luciferase fusion genes, and different behaviors
of transcripts that are naturally intron-free and those derived by
intron removal (52). Thus, the two classes of transcript may be
packaged into RNPs containing different RNA-binding proteins,
which would influence the kinetics of mRNA diffusion in the
nucleus and perhaps of docking and translocation into the cy-
toplasm (49).
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Interspecies Changes in RNA Maturation Kinetics Are Coordinated
with Clock Period. Because nuclear export seems to be the pre-
dominant transcriptional delay in generating a functional mRNA,
it should be a major contributor to setting the pace of the seg-
mentation clock. Export offsets between mouse, chick, and
zebrafish embryos indeed vary with the native clock period, and
the delays, at least for mouse and chick, do not appear to vary
significantly between genes.
Export delay accounts for a consistent proportion of the mouse,

chick, and zebrafish somite clock periods (12.3 ± 1.8%), as do
splicing delays in the chick and mouse (8.3 ± 1.6%). Thus, the
clock period of a given species is linked to its kinetics of gene
expression, presumably because both are integrated with the
pace of development. This is in contrast to the more complex
circadian oscillator, whose circuitry is designed to be invariant
to a wide variety of developmental and environmental pertur-
bations (53).
Nevertheless, differences in the kinetics of transcript produc-

tion do not explain all aspects of the clock circuit. The human
somite clock has a period of about 6 h, and Hes1 transcription
oscillates with a similar period in human cell culture (40). This is
much slower than that of the chick and mouse, yet the overall
kinetics of transcript production do not differ much between
human and mouse cells in culture, and the human Lfng and hairy/
Hes genes have similar lengths to their mouse and chick coun-
terparts (21, 22, 24, 46). The divergence in clock period must
therefore derive from other sources.
It is formally possible that the three- to fourfold slower somite

clock period in humans is due to exceptionally slow, tissue-
specific kinetics of gene expression in the PSM. However, more
likely, the long period is substantially due to increased half-
lives of human segmentation proteins and RNAs, and perhaps
slower activation and compartmentalization of autorepressive
gene products (51). Future experiments will establish a more
detailed understanding of in vivo transcript kinetics and how
individual steps of synthesis and maturation contribute to de-
fining different segmentation clock periods.

Materials and Methods
Constructs and Culture. pGENE_LFNG and pGENE_HES7 were constructed by
insertion of genomic mouse Lfng or Hes7 and 1 kb of downstream sequence
into the SacII and AgeI restriction site of pGENE (Invitrogen) by means of re-
combination-driven cloning (54).

C3H10T1/2 cells were stably transfected in a stepwise fashion with
pSWITCH and pGENE_LFNG or pGENE_HES7 and grown in DMEM plus
10% FBS (vol/vol), penicillin (100 U/mL), streptomycin (100 μg/mL),
hygromycin B (100 μg/mL), and zeocin (250 μg/mL). Transcription was in-
duced with 10 nM mifepristone (Sigma).

WT C57BL/6J mice were used for all murine experiments. Embryos were
collected from pregnant females and fixed as above. White Leghorn chicken
embryos (Henry Stuart) were grown at 37 °C to Hamburger Hamilton stage
13–14 before isolation from extraembryonic membranes and fixation over-
night in 4% phosphate buffered formaldehyde at 4 °C. Fixed embryos were
dehydrated in methanol for storage at −20 °C before FISH. WT zebrafish
embryos were grown at 28 °C, fixed at the ∼10-somite stage as above,
dechlorinated, and removed from their yolks after rehydration.

Experiments were conducted in strict adherence to the Animals (Scientific
Procedures) Act of 1986 and UK Home Office Codes of Practice for use of
animals in scientific procedures.

In Situ Hybridization. FISH probes were generated by in vitro transcription of
T3 promoter-containing PCR products generated from genomic DNA or RT-
PCR of total RNA. Primers are listed in Table S1. Hybridization and detection
were carried out as described previously (55). Probes were detected using
1:1,000 peroxidase-conjugated anti-digoxigenin (DIG) Fab (Roche) or 1:100
peroxidase-conjugated antibody (PerkinElmer), and were developed using
Tyramide Signal Amplification (TSA)-cyanine 5 (Cy5) or TSA-Cy3 reagents
(PerkinElmer) for unspliced pre-mRNA and spliced mRNA, respectively. For
dual-probe FISH, probes were cohybridized and fluorescein was detected
first as in single-color FISH. Peroxidase activity was quenched by treatment in
2% H2O2 in methanol (vol/vol) for 30 min. After rehydration in maleic acid

buffer, embryos were blocked and DIG was detected as in the single-color
fluorescent in-situ protocol. Nuclei were stained using SYTO13 (Invitrogen)
at a 1:1,000 dilution in PBS for at least 2 h.

RNA Isolation and Assays. Cells were cooled in a shallow ice bath, washed in
ice-cold PBS, and collected by gentle scraping. Nuclear and cytoplasmic
portions of the cells were fractionated by centrifugation before column-
based purification of RNA (QIAGEN) and DNase treatment using Turbo
DNase (Ambion).

Transcript levels were assayed from 100 ng of RNA using the one-step
MESA green qRT-PCR kit (Eurogentec) and the primers listed in Table S2.
Expression levels were calculated using the standard methods and normal-
ized to coassayed levels of Gapdh transcripts. To determine the induction
point of an RNA species (t0), curves were fit to y = ymin+ (ymax – ymin)/(1 + 10̂
((K – x)·2/((K – t0)·ln(10)))) using Prism 5.0 (GraphPad; supplemental methods
for curve fitting and normalization are provided in Curve Fitting). Cyto-
plasmic unspliced RNA failed to amplify, consistent with successful frac-
tionation of RNA.

Image Capture and Analysis. Embryos were mounted on glass slides, and
images were captured using a Zeiss LSM700 microscope. The geometry of
embryos used for FISH analysis was determined from 19-μm confocal optical
sections of embryos captured using a C-apochromat 10×/0.45-W lens with
a 0.5× digital zoom. For image segmentation, embryos were reimaged using
a Plan-Neofluar 25×/0.8-Imm Korr DIC lens with a 0.5× digital zoom to
generate ten 2.0-μm sections. In each z-section, pixels were classified as
nuclear or nonnuclear (cytoplasmic) based on a manually determined
threshold of the nuclear signal. An image multiplication function was then
used to derive two images from each channel of FISH staining, one corre-
sponding to the nuclear FISH signal and the other nonnuclear (cytoplasmic).
Z-stacks were average-projected, and signal intensity was measured using
the “plot profile” function in ImageJ (National Institutes of Health) along
the anteroposterior axis PSM averaged across the entire width. Plots for each
FISH were subjected to a 10-point locally weighted scatterplot smoothing
algorithm using Prism 5.0 software (GraphPad), and the anterior inflection
point of the expression domain was recorded for each segmented image.

The spatial interval between inflection points was converted into a tem-
poral offset as described previously (full derivation is provided in ref. 9). In
summary, stained embryos were used to generate a curve relating local
frequency (and hence period) to axial position, using interstripe distances
and the known maximum cycling frequency (e.g., 0.5 cycles per hour in the
mouse). The data were fitted to the following equation relating local and
maximal frequencies [ω(x) and ω0 respectively], and to axial position [μ(x)],
somite length [S0] and the measured wavelength between two waves of
gene expression bounding μ(x) [S(x)]:

Relative oscillation frequency ¼ ωðxÞ
ω0

¼ 1−
μðxÞS0
SðxÞ :

Temporal offsets were calculated from the spatial offset (a) and periodicity of
somite production (p) visualized by in situ hybridization by means of the
following equation:

Temporal offset ¼ a p ω0

SðxÞωðxÞ:

Because this method of analysis requires two domains of gene expression in
each PSM, we could only measure delays in embryos with an anterior,
nonoscillating expression stripe (so-called “pattern phase I and II embryos”)
(3). In general, we found no significant correlation between the axial posi-
tion of the oscillating stripe (which relates to patterning phase) and the
calculated delay in our FISH datasets (Spearman correlation, P > 0.05), except
for mouse Nrarp export (P = 0.02) (but not splicing) and chick Lfng splicing
(P = 0.04) [but not export (Fig. S2)]. Thus, our calculations of local oscillation
frequency correct effectively for the slowing of the clock as cells approach
the anterior determination front.
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