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The segmented body plan of vertebrates is prefigured by reiterated
embryonic mesodermal structures called somites. In the mouse
embryo, timely somite formation from the presomitic mesoderm
(PSM) is controlled by the “segmentation clock,” a molecular oscil-
lator that triggers progressive waves of Notch activity throughout
the PSM. Notch clock activity is suppressed in the posterior PSM by
FGF signaling until it crosses a determination front at which its net
activity is sufficiently high to effect segmentation. Here, Notch and
Wnt signaling directs somite anterior/posterior (A/P) polarity speci-
fication and boundary formation via regulation of the segmenta-
tion effector gene Mesoderm posterior 2. How Notch and Wnt
signaling becomes coordinated at this front is incompletely de-
fined. Here we show that the activity of the cAMP responsive
element binding protein (CREB) family of transcription factors
exhibits Wnt3a-dependent oscillatory behavior near the deter-
mination front and is in unison with Notch activity. Inhibition of
CREB family in the mesoderm causes defects in somite segmenta-
tion and a loss in somite posterior polarity leading to fusions of
vertebrae and ribs. Among the CREB family downstream genes,
several are known to be regulated by Wnt3a. Of those, we show
that the CREB family occupies a conserved binding site in the pro-
moter region of Delta-like 1, encoding a Notch ligand, in the an-
terior PSM as a mechanism to specify posterior identity of somites.
Together, these data support that the CREB family acts at the de-
termination front to modulate Wnt signaling and strengthen
Notch signaling as a means to orchestrate cells for somite seg-
mentation and anterior/posterior patterning.
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he vertebrate body plan relies on the basic framework of the

endoskeleton for support, flexibility, and mobility. To meet
these demands, the axial skeleton comprises a series of jointed
units of vertebrae, intervertebral discs, and ribs. The metam-
erism of this organ is laid down as somites, the blueprint for the
segmented axial skeleton, during early embryogenesis. In the
mouse, somites rhythmically bud off as epithelial spheres from
the anterior end of an extending presomitic mesoderm (PSM)
approximately every 2 h (1, 2). The newly formed somite is termed
somite +1 (S+1) (3). Somites anterior to S+1 are named S+2,
S+3, and so on, whereas posterior to S+1 in the PSM are referred
to as presumptive somites SO, S—1 and S—2 in descending order
(4). The dorsal portion of the somite, the dermomyotome, gives
rise to dermis and muscle, whereas the ventral portion, the scle-
rotome, contains progenitors to the axial skeleton (3). Each scle-
rotome is polarized such that the anterior half gives rise to the
caudal part of the vertebral bodies and distal ribs, whereas the
posterior half, the rostral part of the vertebral bodies, vertebral
arch, and the rib (5). In the mouse, notochord and sclerotome
progenitors form the intervertebral discs which interdigitate the
vertebral bodies (6). The anterior/posterior (A/P) polarity of the
sclerotome in turn imposes on the segmental organization of
the peripheral nervous system (PNS) (7, 8).
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Somite segmentation is controlled by a multitiered clock and
wavefront program of Notch/FGF/Wnt signaling pathways in the
PSM (9, 10). The caudal two thirds of PSM, termed region I,
contains posterior-to-anterior FGF and Wnt signaling gradients
working in tandem to sustain PSM in an immature state (11-16).
The remaining rostral third of PSM, termed region II (from ~S—2
to S0), is competent for segmental patterning (11, 13, 16, 17). The
transition from region I to region II occurs when FGF activity
decreases to a lower threshold to define the wavefront (11, 13, 16),
where the block in PSM maturation is lifted, creating a de-
termination front. Concomitantly to the FGF wavefront activity,
Whnt signaling creates a permissive environment in region I for
the segmentation clock to rhythmically operate as traveling waves
of gene expression stripes before slowing down in region II to
control somite formation upon crossing the threshold set by the
determination front (14, 18). Notch signaling is an important
output of the clock to synchronize PSM cellular oscillations to
counteract the effects of biological noise (e.g., mitosis) (19-21).
Wnt3a signaling mediates the expression of the Notch ligand
Delta-like 1 (DII-1) (22), which in turn activates the Notch
receptor to form the Notch intracellular domain (NICD) (23).
NICD initiates a negative-feedback loop via a transcriptional
repressor, Hairy and enhancer of split 7 (Hes7) and a modifier,
Lunatic fringe (Lfng) in the initial cycle to create periodic waves
of NICD throughout region I to temporally synchronize PSM
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cells (23-25). Importantly, in the mouse, Notch signaling is also
essential for translating the clock message into somite A/P po-
larity and boundaries in region II (26, 27). The intermediate
NICD stripe (~S—2/S—1) in combination with Wnt signaling
near the determination front is critical (26). Here, Notch activity
reaches a high level of net output to overcome the repressive
effects of the wavefront and synergizes with the Wnt-regulated
T-box 6 (Tbx6) transcription factor to activate an expression
stripe of the segmentation effector gene, Mesoderm posterior 2
(Mesp2) (26-28). Subsequently, Mesp2 forms a graded band
originating from the anterior compartment of a nascent somite
followed by its inactivation by Ripply2, leading to somite boundary
formation and A/P specification (29, 30). How Notch/Wnt sig-
naling is coordinated in region II to instruct A/P patterning and
boundary formation via Mesp2 is not completely understood.

We discovered that mice mutant for the transcription factor
cAMP responsive element binding protein (CREB) sometimes
displayed somite segmentation defects that could be attributed to
dysregulated Notch signaling. CREB is the founding member of the
CREB family, which also includes activating transcriptional factor 1
(ATF-1) and cAMP responsive element modulator (CREM) (31—
34). Together they constitute a distinct subfamily that belongs to
a large family of basic leucine zipper transcription factors (35). The
three CREB family members form homo- or heterodimers with each
other via their leucine zippers, whereas their basic domains bind to
afull cAMP responsive element (CRE) site (TGACGTCA) or a half
CRE-site (TGACG) (31, 36-41). The transcriptional activity of this
family depends on stimulus-induced phosphorylation of CREB,
CREM, and ATF-1 at Ser133 (P-CREB), Ser117 (P-CREM), and
Ser63 (P-ATF-1) in their kinase inducible domain (32, 42, 43).
Phosphorylated kinase inducible domain associates with coac-
tivators for recruitment of transcriptional machinery to activate
downstream genes (44, 45). Here we describe an essential role for
the CREB family of transcription factors in somite segmentation by
using a dominant-negative approach to reduce the combined activity
of the CREB family in the mesoderm. We propose that this family
orchestrates somite boundary formation and posterior polarity by
modulating Wnt signaling and increasing the net Notch activity at
the determination front.

Results

Dynamic CREB Family Activity Is Localized Near Determination Front
in Region Il of PSM. During our previous investigation of CREB in
myogenic gene induction (46), we observed a rare population of
CREB mutants with abnormally shaped somites (Fig. S1 B and D).
By whole-mount skeletal preparation, we also found that mutant
neonates exhibited sporadic vertebral fusions (Fig. S1 G and 1).
These data implied a role for CREB in somite segmentation and
inspired us to reexamine CREB activity during somitogenesis. To
monitor the activity of the CREB family, we used whole-mount
immunostaining using phospho-CREB (P-CREB)-specific anti-
bodies (Fig. S2.A-D and F), which have served as a reliable proxy
for CREB activity (46-48). Consistent with previous reports (46,
49), CREB protein was ubiquitously distributed in embryos, in-
cluding somites and PSM at embryonic day (E) 10.5 as an ex-
ample (Fig. S2E), whereas P-CREB was present between E8.5 to
E12.5 as one or two distinct bands in region II and in the der-
momyotome (Fig. S2 B-D and F). No detectable P-CREB
stripe was observed in the PSM at E7.5 (Fig. S24).

Three distinguishable P-CREB patterns emerged in region II
of the PSM, which we named Phases 1 to 3 (Fig. 1.4-D).In Phase 1,
P-CREB showed a broad band near the S—1 and SO interface (n =
29/137; Fig. 1 A, B, and E). In Phase 2, only a narrow stripe in the
posterior part of SO was found (n = 59/137; Fig. 1 4, C, and E). In
Phase 3, the stripe in the posterior part of SO was further narrowed
and an additional broad band appeared near S—2 and S—1 (n = 49/
137; Fig. 1 A, D, and E). P-CREB stripes were not detected in
region I and tailbud except for a few scattered cells, even when
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Fig. 1. Dynamic CREB family activity is localized to region Il of the mouse
PSM. (A) Whole-mount P-CREB staining on E10.5 mouse tails (dorsal view,
anterior to the top). P-CREB signal in the PSM is indicated by black lines: Phase 1
(orange), Phase 2 (blue), and Phase 3 (green). (B-D) Sagittal sections of tails
stained for P-CREB; dotted lines, SO and S+1 interface; solid lines, P-CREB signal:
(B) Phase 1, (C) Phase 2, and (D) Phase 3, below tail section. Black line depicts
region I; green line is region Il. (E) Graph summarizes the percentage (y axis) of
each Phase (x axis) from 137 samples; n of each Phase indicated in bars.

overdeveloped in the chromogenic substrate. The dynamic stripes
likely represent combined activity of all three CREB family
members, as they are expressed during the stages examined (46,
49) and P-CREB antibodies are predicted to recognize all three.
The PSM P-CREB patterns were missed in our previous study
likely caused by their dynamic changes and the use of transverse
sections for assay (46). From here on, we refer to the P-CREB staining
patterns as the CREB family activity.

CREB Family Activity Cycles in Region Il of PSM. To test whether the
dynamic CREB family activity in the PSM represents oscillation,
we bisected E10.5 embryonic tails (n = 30) longitudinally, fixing
one half to capture the state of the activity at # = 0 and culturing
the contralateral half for various lapsed time points (Af). As a
control, when both halves were fixed simultaneously (Af = 0), no
difference was observed as both halves displayed the same
CREB family activity state (Fig. 24). When the isolated PSM
was at Phase 3, we captured a transition to Phase 1 in the ex-
perimental half cultured for 75 min (At = 75) along with a newly
formed somite (Fig. 2B), supporting oscillating CREB family
activity. To observe one complete revolution of activity during
one round of somitogenesis, both halves were cultured until a
somite was formed. One half was fixed and the other half was
further cultured until a second somite was generated (Ar = 110).
Both halves were found to be at Phase 1 (Fig. 2C). Thus, a new
round of somite formation appears to begin at Phase 1 and one
cycle coincides with a single somite budding event, revealing
segmentation clock-like characteristics.

To determine how the CREB family activity is related to the
Notch clock (23), we performed comparative immunofluores-
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Fig. 2. CREB family activity cycles with the Notch clock in the PSM. (A-C)
P-CREB staining of E10.5 PSM halves. (A) Left and right halves fixed imme-
diately (t0) are both in Phase 1 (P1). (B) Phase 3 (t0, Left) to Phase 1 (At =75,
Right) transition (P3—P1) is found after culture for 75 min. (C) Phase 1
P-CREB pattern (t0, Left) completes one full cycle (P1—P1) in the right half
cultured for 110 min (At = 110). Diagrams for results in A-C are directly
below; solid lines indicate somite boundaries; asterisk indicates new somite;
arrows indicate P-CREB stripes. (D-/) Inmunofluorescence of P-CREB (green;
D-F) and NICD (red; G-/) on E10.5 tail horizontal sections (anterior to the
left): (D and G) Phase 1 (n = 3/20), (E and H) Phase 2 (n = 10/20), and (F and /)
Phase 3 (n = 7/20) are paired adjacent sections; white dotted lines indicate
the boundary between S0 and S+1; white solid lines indicate areas of P-CREB
and NICD signal. Schematics depicting that P-CREB (green) oscillates in
parallel with NICD (red) are directly below. In the schematic illustration
(Bottom), black line depicts region | and green line is region II.

cence on E10.5 PSM stained for P-CREB and NICD. Examination
of the three phases of CREB family activity relative to NICD on
immediate adjacent sections revealed that they are in sync in re-
gion II (Fig. 2 D-I). Despite the shared cycling relationships in
region II of the PSM, very few positive cells for CREB family ac-
tivity were found to overlap with NICD (Fig. 2 D-I) in region I.
Importantly, in Phase 3, the broad P-CREB stripe coincides with
the NICD stripe near the determination front (S—2/S—1; Fig. 2 F
and ). These data indicate that CREB family activity stripes in
region II are potentially linked to the Notch clock.

CREB Family Directs Somite Boundary Formation and Maintains
Somite Epithelium. The patterns of CREB family activity suggested
that they play a role in somite segmentation. Testing CREB func-
tion in this process by germ-line mutants had been a challenge as
the segmentation phenotype showed very low penetrance (Fig.
S1E), likely as a result of redundancy with other family members.
We generated CREB™";,CREM~'~ mutants but failed to increase
the fre(}uency of mutants with segmentation defects. Conversely,
CREB™~; ATF-17"~ mutants die before implantation and CRE. ==
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ATF-1"'~ mutants are developmentally delayed and die at
approximately E9.5 (49). To circumvent this, we designed a
tissue-specific dominant-negative approach. A widely used and
highly selective pan—dominant-negative reagent to the CREB
family is acidic-CREB (A-CREB), which heterodimerizes with
the leucine zipper motif, whereas the acidic patch traps the
positively charged basic residues of the CREB family to prevent
DNA binding (50, 51). In vitro studies have shown the speci-
ficity of this reagent: 1 M equivalent of A-CREB effectively
interrupts CREB binding to a CRE-site, whereas 100 M excess
of A-CREB cannot abolish DNA binding of other basic leucine
zipper subfamilies (35). We generated a conditional A-CREB-
IRES-EGFP allele at the ROSA26 locus (52), referred to as
ROSA™“ (Fig. 34 and Fig. S3). The CMV/p-actin enhancer assures
high levels of expression in the mesoderm upon the removal
of a loxP-flanked Neo-stop cassette by the T-Cre driver (53)
(Fig. 3 A and D and Fig. S3). Approximately 40% of the
ROSAC'*:T-Cre adults have fusions of the cervical vertebrae
(Fig. S3E), suggesting that one copy of the ROSAC was in-
sufficient to inhibit all CREB family member activity. To increase
the dosage, we generated ROSA? 1<, T-Cre embryos (referred
to as mutants later). We observed robust live EGFP signal
reflecting A-CREB expression in the PSM and somites compared
with controls (Fig. 3 B and E). Pleasingly, we found that mutant
somites had poorly defined boundaries along the body axis (Fig.
3C), supporting that the CREB family acts redundantly to in-
struct somite segmentation.

To determine whether the morphological defects are associ-
ated with abnormalities in somite boundaries and epithelial
structures, we examined the organization of the ECM, nuclei,
and actin of mutant somites. Contrary to controls (Fig. 3 F and J),
E8.5 mutant somites (n = 4) lost their compact epithelial
morphology, as the nuclei and actin-labeled cells displayed a
scattered appearance (Fig. 3 G and K). This was corroborated
by misaligned fibronectin organization between adjacent somites
(Fig. 31). Histological analysis of E9.5 mutants (n = 3) revealed that
mutant somites were smaller in size and lacked the well separated
epithelia seen in controls (n = 3; Fig. S4 A-D). This defect is
strikingly reminiscent to the rare CREB severe mutant (Fig. S1 B
and D). Furthermore, mutants displayed reduced myotomal mass
(Fig. S4D), consistent with a role for CREB in myogenesis (46). We
next examined whether the CREB family regulates the somite ep-
ithelial determinant gene Paraxis (54). Control and mutant embryos
displayed characteristic Paraxis expression in region II (Fig. 3 N and
O, bracket). However, Paraxis became significantly reduced in
mutant somites compared with controls (Fig. 3 N and O). Thus,
the failure of maintaining Paraxis expression helps to explain the
poor somite epithelial organization observed in the mutant.

Mutants Compromised for CREB Family Activity Display Extreme
Skeletal Dysplasia. All mutant animals died at birth, likely of re-
spiratory failure. Mutants were identifiable from control litter-
mates by their straightened postures and kinked tails (Fig. 44).
The axial skeleton of mutant neonates was conspicuously de-
fective along the cervical, trunk, and lumbar regions, and, to a
lesser extent, in the tail (Fig. 4B). Closer examination of the
mutant vertebral column (Fig. 4 D, F, and H) revealed fusions
of the neural arches and vertebral bodies and a loss of inter-
vertebral discs, compared with controls (Fig. 4 C, E and G). The
lack of intervertebral discs is likely a result from defects in somite
polarity (17) rather than a loss of the notochord, as the expres-
sion of a key notochordal signaling molecule, Shh (6, 55), was
unchanged in the mutant (Fig. S6 A4 and B). The sclerotome has
distinct A/P halves that contribute to the metamerism of the axial
skeleton and PNS (5-8). At E11.5, mutant embryos (n = 4) dis-
played long stretches of mesenchymal patches that did not seg-
regate into repeated intervals (Fig. S4 F and H), whereas control
embryos (n = 5) contained dense metameric condensations along
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Fig. 3. The CREB family is essential for somite patterning. (A) Diagram
depicting conditional expression of A-CREB and EGFP driven by T-Cre after
removing the floxed Neo-stop (N**°P) cassette in ROSA“C. (B and C) Bright-
field images of E8.75 ROSA““AC (control) and ROSA“““S,T-Cre (mutant)
embryos, respectively. (D) Schematic of nuclear EGFP marking of A-CREB-
expressing cells. (E) Mutant embryo image (C) merged with EGFP fluores-
cence. (F-M) Comparison between somite morphologies of control (F, H, J,
and L) and mutant (G, /, K, and M) embryos; sagittal sections, anterior to the
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the A/P axis (Fig. S4 E and G). Consequently, the mutant dorsal
root ganglia were fused to each other (Fig. S4 [ and J) and axon
bundles were not properly spaced compared with control em-
bryos (Fig. S4 K and L). This was further confirmed by whole-
mount neurofilament immunostaining whereby mutant axons
were frayed throughout the somite (n = 3; compare Fig. S5 4
and B). These results demonstrate that reducing CREB family
function in the mesoderm impedes the segmental organization of
the somite, resulting in the fusion of the axial skeleton and dis-
organization of the associated sensory neurons and axons.

To determine the underlying molecular mechanism, we ex-
amined the expression of 7bxI8 and Uncx4.1, genes that sustain
the anterior and posterior somite identities, respectively (56, 57).
Indeed, posterior somite specification is defective in mutants as
Uncx4.1 transcripts were lost in the PSM and somites (Fig. 4L) to
an expansion of ThxI8 expression, albeit also reduced (Fig. 4/).
Thus, the axial skeletal defects of mutants can be explained by
the dysregulation of key somite polarity genes.

CREB Family Activates Defined Transcriptome in PSM. The mor-
phological and molecular defects must be a consequence of
compromised CREB family transcriptional activity in the ante-
rior PSM. We therefore decided to uncover its downstream
target genes. By microarray analysis of pooled samples of region
II from mutants and controls, we identified 328 genes that were
differentially expressed (Fig. 54). We refer to this group of genes as
the PSM CREB transcriptome, which contains genes in various
functional categories. Of this transcriptome, 150 genes were down-
regulated more than 1.5 fold in mutants and ~28% of them contain
putative full or half conserved CRE-sites in their promoters among
human, mouse, and rat genomes (58) (Fig. 5B and Table S1). Many
of these CRE-sites identified were within a few thousand bases
upstream of transcription start sites (TSSs), implicating them
as primary CREB family targets. Although we collected stage-
matched embryos for microarray analysis, the pooled region II
PSMs were likely at different phases of P-CREB pattern. Hence
some downstream genes might not have been uncovered. Im-
portantly, by comparing our PSM CREB transcriptome to the
existing segmentation clock network identified by Dequent et al.
(59), we found several key segmentation genes associated
with Notch and Wnt signaling pathways (Table S1).

CREB Family Controls Notch Signaling by Directly Regulating Its
Ligand DII-1. Mixed P-CREB phases of embryos along with the
low dynamic range of detection by microarray prompted us to
validate candidate downstream genes by whole-mount in situ
hybridization (WISH) for a better visual of their spatial and
temporal changes. We first focused on the Notch pathway genes:
DIl-1 and Lfng. We verified that the Notch ligand DIl-1 was
down-regulated with a “salt and pepper”-like pattern in region II
of the mutant PSM and lost in the posterior half of mutant
somites, compared with controls (Fig. 5 C and F). The extent of
reduction by WISH appears to be more than that obtained by
microarray (—1.7 fold). Cyclic expression of Lfng, a Notch-induced
readout of the segmentation clock (23, 25), was also disrupted,
displaying reduced levels with a salt and pepper pattern near the
transition of region I/IT (Fig. 5 D and G and Fig. S6 C-H, white
arrowheads). Its expression at the most anterior band is similarly
affected (Fig. 5 D and G and Fig. S6 C-H, black lines). Its re-
duction appears greater than that obtained by microarray (—1.65
fold). We did note that Lfng was initiated in the caudal of region

left: (F and G) DAPI-stained nuclei; (H and /) fibronectin-stained somite
boundaries (white arrows); and (J and K) phalloidin-stained actin. (L) Merged
image from F, H, and J. (M) Merged image from G, /, and K. (N and O) Paraxis
expression is reduced in mutants (O) compared with controls (N), and bracket
indicates residual expression in the mutant.
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Tbx18

Uncx4.1

Fig. 4. Skeletal defects in mice deficient for CREB family activity during
somitogenesis. (A) ROSA““AC (control, Left) and ROSA*““S,T-Cre (mutant,
Right) neonates (P0); dotted lines mark the postures. (B-H) Skeletal prepa-
rations stained with Alizarin red and Alcian blue. (B) Entire skeletons of
control (Left) and mutant (Right). Control (C, E, and G) and mutant (D, F, and
H) axial skeletons: (C and D) dorsal view; (E and F) ventral view; and (G and
H) magnified views of the rectangular area in E and F, respectively. Arrow-
head indicate bifurcation of rib (marked as “R"), and arrow indicate fusion

Lopez and Fan

I in Phase 3 of the Notch clock cycle (Fig. S6 C and F). To extend
this observation, we examined another Notch-induced cycling
gene, Hes7 (24). Hes7 expression pattern in region I was un-
changed, but the length of its oscillatory field in region II was
shrunken (Fig. 5 E and H). The altered expression of Lfng and
Hes7 likely resulted from reduced Notch signaling. Thus, CREB
family activity impacts Notch signaling by maintaining critical
expression levels and spatial patterns of its positive (i.e., DIII)
and negative (i.e., Hes7/Lfng) regulators in region II.

To assess whether a given gene in the PSM CREB tran-
scriptome is directly regulated by the CREB family, we used
micro-ChIP (uChIP) to determine whether P-CREB binds to
its promoter in vivo. We selected genes for testing based on
three criteria: First, a CRE-site(s) within 2,000 kb of the pro-
moter; second, clearly reduced gene expression confirmed by
WISH; and third, a documented role similar to the CREB family
in somitogenesis (60, 61). DII-1 fits all three criteria, especially
considering that the CREB family and DI/I-] mutants have the
same defects in A/P polarity and somite segmentation (60, 61).
For chromatin binding, we tested the conserved CRE-site lo-
cated —1.2 kb from the TSS, which is positioned in a mesoderm
enhancer element (msd; Fig. 5 I and J) shown to recapitulate
DIl-1 expression in the PSM (62). By using the percent input
method, we quantified in vivo occupancy of the region containing
predicted CRE-site vs. a reference region located —29 kb without
a CRE-site, (—)CRE. Indeed, P-CREB binding to the CRE-site
in the DII-1 msd was ~12.3 fold higher than that of the (-)CRE
region (Fig. 5J). This data strongly supports that the CREB
family directly regulates DIl-1, thereby increasing net Notch
signaling in region II of the PSM.

CREB Family Coordinates Position of Wnt Signaling Gradient in Region
Il and Segmentation Machinery in PSM. The down-regulation of
DIl-1, a Wnt-regulated gene (22), encouraged us to examine this
signaling pathway further. As mentioned earlier, segmentation
genes controlled by Wnt signaling are also noted: 7bx6 and
Ripply2 (Table S1). WISH analysis confirmed that 7hx6 expres-
sion was severely down-regulated in region II of the mutant PSM
compared with the controls (Fig. 6 4 and D). The tight band of
Ripply2 expression in the control was virtually undetectable in the
mutant (Fig. 6 B and E). The extent of down-regulation of 7bx6
and Ripply2 assessed by WISH appears more reduced than that
by microarray (—1.75 and —3.0 fold, respectively), and supports
that Wnt signaling in region II is defective in mutants.

By the same criteria for choosing to test DII-1 as a direct target
of the CREB family, we chose Ripply2 (29, 30, 63) for pChIP
analysis. We tested the occupancy of P-CREB on the conserved
CRE-site located —1.1 kb from the TSS of Ripply2 vs. a region
without a CRE-site at —30 kb. Curiously, we did not detect a
significant occupancy at the —1.1 kb CRE-site (Fig. 5J). We
presume that the CREB family uses a different or cryptic
CRE-site to regulate Ripply2 or that the CREB family in-
directly regulates Ripply2.

The reduction of the Wnt-regulated gene 7bx6 in region II
(Fig. 6D) prompted us to examine whether the Wnt3a signaling
range was affected. We first examined whether a direct down-
stream cyclic gene of Wnt3a, Axin2 (12), was misregulated.
Relative to the control, Axin2 oscillation was down-regulated
throughout region II in mutant PSM except for the most pos-
terior area of region I (Fig. 6 G and J). The Wnt3a expression
domain was maintained but slightly reduced in the mutant PSM

of the lamina. White arrowheads indicate fusions of pedicles (marked as
“P"), and the bracket indicates fusions of vertebral bodies (VB). Control in G
has intervertebral discs (IVD), and the black arrowhead in the mutant indi-
cates a loss of intervertebral discs (H). (I-L) WISH analysis of Tbx18 (I and J)
and Uncx4.1 (K and L) in controls (/ and K) and mutants (J and L).
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Fig. 5. The CREB family controls somite morphogenesis through DII-1/Notch
signaling. (A) Scatter plot of log,-transformed hybridization signal intensity
values between ROSA““AST-Cre (y axis) mutants, and ROSA““AC (x axis)
controls. A total of 150 genes (red squares) were found to be down-regu-
lated. (B) Bar graph tabulates percentage of down-regulated genes with
conserved (marked as “C") full/half CRE-sites, nonconserved (N.C.) full/half
CRE-sites, and none. (C-H) WISH analysis of D/I-1 (C and F), Lfng (D and G),
and Hes7 (E and H) in controls (C—E) and mutants (F-H): brackets indicate
altered DII-1 levels and Hes7 domains between controls and mutants; lines
in control (C) marks DI/I-1 expression in posterior somite halves; white
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relative to the control (Fig. 6 H and K). Thus, the Wnt3a sig-
naling level appears decreased near the determination front in
mutants, suggesting that CREB family activity acts downstream
of Wnt3a reception to mediate signaling. Indeed, the striped
P-CREB patterns were no longer observed in the PSM of the
Wnt3a""" embryo (Fig. 6 I and L), in which Wnt3a activity is
much reduced (12). Together these data suggest that CREB
family activity depends on Wnt3a signaling, which then feeds into
a regulatory pathway to maintain Wnt3a downstream genes
in region II, possibly as a way to refine the range of the Wnt
signaling gradient.

Given that Mesp2 is downstream of Tbx6 and Notch signaling
(27, 64) and upstream of Ripply2 (29), we examined its expres-
sion. Although not found to be significantly reduced by micro-
array, Mesp2 is in fact diminished but not lost in the mutant.
Although Mesp2 expression stripes cycles in the anterior halves
of S—1/S0 in control embryos (Fig. 6C and Fig. S6 I and J), we
noted that all mutant embryos displayed identically weak and
loosely organized Mesp2 banding pattern (n = 5; Fig. 6F) in-
dicative of persistent rather than dynamic expression. Thus, A/P
polarity and boundary defects in mutants can be interpreted by
reduced net Notch signaling activity and Wnt signaling range,
leading to misexpression of Mesp?2.

Discussion

We demonstrate here that CREB family activity matches Notch
clock oscillations in region II, but not in region I (Fig. 2 D-I). We
also provide data implicating that Wnt3a signaling involves phos-
phorylation of the CREB family in region II. Here, the CREB
family likely mediates Wnt3a signaling by increasing the ex-
pression of its downstream genes Axin2, DIl-1, and Tbx6. The
canonical Wnt/p-catenin pathway is also essential for somite seg-
mentation (12, 14, 18). A posterior-to-anterior nuclear p-catenin
gradient in region I ends near the determination front to maintain
PSM in an immature state and defines the oscillatory field for the
segmentation clock (12, 14, 18). Thus, the CREB family activity
represents a new branch of Wnt3a signaling to confer PSM mat-
uration at the determination front. How the CREB family and
fB-catenin coordinate to effect segmentation awaits future studies.
Wnt3a has also been shown to effect phosphorylation of the
CREB family for myogenic gene expression in the dermomyo-
tome (46), revealing a sequential switch from Wnt-CREB sig-
naling in the PSM along the anteroposterior axis to signaling in
the somite along the dorsoventral axis. Interestingly, in cell culture
studies, induction of CREB phosphorylation has been documented
to peak within 30 min, followed by a burst in gene expression within
a 2-h window (65), similar to the cycling time observed in the PSM.
We therefore propose that P-CREB results from the anterior end
of the Wnt3a signaling gradient and turns over as the cells move
away from its influence. Because Wnt3a is abundant in the poste-
rior PSM, the lack of CREB family activity there indicates a sup-
pressive cue in region I. CREB family activity is also preferentially
suppressed in the anterior but maintained in the posterior somite
S0. One possibility is that it also responds to spatial cues emanating
from the somites such as retinoic acid signaling (66, 67), which

arrowhead in mutant (G) indicates strongly reduced Lfng cyclic expression;
red asterisks indicate genes with a putative CRE-site. (/) Diagram of the DII-1
promoter and —35 kb upstream of the transcriptional start site. Blue box is
the msd enhancer. Magnified box is a multiple sequence alignment of a
conserved +CRE-site (orange box); green bar indicates CRE-site; red bar
indicates (—)CRE-site; solid lines indicate amplicons. (J) Bar graph of uChiP
quantification. P-CREB occupation at the —1.2 kb CRE-site (0.614%) in the DII-1
promoter is 12.3-fold higher than the (-)CRE-site control (0.050%; —29 kb).
P-CREB binding to the —1.1 kb CRE-site (0.044%) in the Ripply2 promoter is
comparable to the (—)CRE-site control (0.046%; —30 kb).

Lopez and Fan


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1222115110/-/DCSupplemental/pnas.201222115SI.pdf?targetid=nameddest=SF6
www.pnas.org/cgi/doi/10.1073/pnas.1222115110

Whnt3a P-CREB

3

Fig. 6. The CREB family modulates a segmentation network in region Il. (A-H,
J, and K) WISH analysis. Tbx6 (A and D), Ripply2 (B and E), Mesp2 (C and F),
Axin2 (G and J), and Wnt3a (H and K) in controls (A-C, G, and H) and
mutants (D-F, J, and K). Note that reduced Mesp2 expression persists as a stripe
in mutant compared with control. Curved lines mark the length of the graded
PSM expression pattern of genes; black arrow indicates control expression pat-
tern; white arrowhead indicates altered expression pattern in mutant; red
asterisks indicate genes containing putative CRE-sites. (/ and L) P-CREB staining.
Arrow indicates the P-CREB stripe in Wnt3a"?* control (f), which is missing in the
Wnit3a"™ mutant (L).

is thought to counteract the wavefront to fine tune the deter-
mination front.

We determined the function of the CREB family in somito-
genesis by devising a mesoderm-specific conditional approach to
inhibit all three members via a pan-dominant-negative trans-
gene, A-CREB, in combination with the 7T-Cre driver. Curiously,
we did not observe gastrulation defects described for ATF-1;
CREB mutants (49). We presume that, after 7-Cre—mediated re-
combination, A-CREB expression accumulates to an effective
inhibitory level only well after cells have already left the primitive
streak. Dosage-dependent defects of this family were evident
from their compound mutants (49, 68). We also found more severe
skeletal defects by doubling A-CREB dosage, further extending its
utility. We therefore envision that the ROSA*€ allele is a powerful
modular tool in combination with a vast number of tissue-specific
and inducible Cre-driver lines to determine CREB family function
in other contexts.

Com;c)arative expression profiling between ROSAC and
ROSAACAC,T-Cre region II PSMs led us to discover the PSM
CREB transcriptome. Extensive genomewide analysis revealed
that CREB can occupy in the range of 4,000 to 6,000 mammalian
CRE-sites (58, 69). This large number of CRE-sites gives CREB
an enormous flexibility in activating diverse genetic programs. In a
given cellular or tissue context, not all CRE-sites are accessible to

Lopez and Fan

the CREB family. For example, Ripply2 is strongly down-regulated
in ROSA“C,T-Cre embryos, but P-CREB binding to a putative
CRE-site within its promoter is not detected. Conversely, we did
find that DIl-1 is down-regulated in mutant embryos and that
P-CREB binds to a conserved CRE-site in the msd enhancer of
DIl-1 (62), demonstrating that the CREB family directly con-
tributes to DIl-1 expression levels in region II. The CREB family
likely cooperates with Tbx6 and LEF/TCF at the DII-I promoter
(22). Reduced DII-1 in mutants presumably fails to activate a net
Notch activity required to drive segmentation and polarity speci-
fication as evidenced by weakened Mesp2 and Lfng expression.
In addition, DII-1 is also known to maintain somite epithelium
by sustaining high levels of Paraxis expression after somite
segmentation (60). Consistently, ROSA*““;T-Cre embryos
have epithelialization defects accompanied by strongly reduced
Paraxis and DII-1 expression in the somite. The reduction of
Paraxis expression appears more severe in the ROSA“C;T-Cre
embryos (Fig. 30) than in the DIl-1 mutant embryos (60), sug-
gesting that the CREB family controls Paraxis expression only
partially through DIl-1. Because CREB family and Paraxis
mutants have the same epithelial defect but opposite defects in
A/P polarity patterning (54, 70), Paraxis misregulation can only
explain the former in the CREB family mutant. The precise
mechanism of how the CREB family controls Paraxis in the
mature somite requires further investigation. On the contrary,
the similarities between DIl-] and CREB family mutants sup-
ports that CREB family directly controls DII-1 mediated pro-
cesses in the PSM and partially in the somites.

One of the most intriguing results we found was the loss of
somite boundaries and posterior patterning upon the removal of
CREB family activity from the PSM. Given that the CREB
family acts directly upstream of DI-1, we deduced that this
family may be critical for Notch clock activity, which is essential
for A/P patterning and somite segmentation (23, 26). This is
reflected by the narrowed Hes7 field, interrupted Lfng cycling,
and persistent Mesp2 expression in region II of the mutant. The
current view of the A/P patterning and segmentation machinery
has linked Notch activity together with Tbx6 at the determina-
tion front to trigger Mesp2 expression first as a stripe that spans
the length of a somite (26, 27). This is followed by Mesp2 and
Tbx6 synergistically activating Ripply2 to restrict the Mesp2 stripe
to the anterior of S—1 and finally to shut it off before segmen-
tation in SO (14, 29). The reduced yet sustained Mesp2 pattern
in the ROSA““C,T-Cre embryos can be explained by the con-
comitant reduction of DIl-1 and Tbx6. The loss of Ripply2 ex-
pression in the mutant is likely a consequence of reduced Tbx6
and/or Mesp2, thus causing the expansion of the anterior com-
partment. This is further supported by the loss of Uncx4.1 ex-
pression and expanded ThxI8 expression. It follows that the
somite boundary and polarity defects reported for DI/I-1 and
Ripply2 single mutants (29, 60, 61) resemble those of the
ROSA*“"€,T-Cre embryos. Thus, the CREB family acts up-
stream of DIl-1 in region II to contribute to the activation of
Notch and Thx6 to effect cyclic Mesp2 and Ripply2 activities for
generating somite boundaries and establishing polarity. In light
of our data, we propose that the spatial-temporal activity of the
CREB family serves as an integration point to modulate the
Wnt3a signaling gradient and increase net Notch signaling as
a means to translate the activities of the segmentation clock and
wavefront in cells to undergo segmentation (Fig. 7).

Although we establish a basic framework to interpret how the
CREB family activity fits into the segmentation network, addi-
tional genes in the PSM CREB transcriptome likely contribute to
the mutant phenotypes. Future investigations will provide new
threads toward building a comprehensive regulatory circuitry.
Disruption of this circuitry leads to compromised Notch signal-
ing, which has a direct implication to human spine disorders.
Mutations in MESP2, DLL3, or LENG have all been associated
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Fig. 7. The CREB family forms a core segmentation module in somitogenesis.
In our model depicted at Phase 3, CREB family activity (P-CREB) oscillation (in
green) has critical roles in somitogenesis: to mediate Wnt3a signaling at the
anterior end of its gradient (blue) in the P-CREB domain (green/blue hatched
marks), coordinate the segmentation machinery in region Il, and maintain
somite epithelium. In WT (magnified, Middle), P-CREB (green area) directly
regulates the expression of DI/-1 at S—2/S—1 and mediates the expression of
Tbx6. In turn, DII-1/Notch signaling and Tbx6 synergize to activate Mesp2 to
define the anterior somite half (white band) of S—1. Tbx6 and Mesp2 sub-
sequently activate Ripply2 to refine Mesp2 expression. The coordination of P-
CREB and Mesp2 in region Il drives the formation of somite boundaries and A/
P patterning at S-1 and SO. Black dotted line marks the future somite
boundary. (Bottom) In the CREB family mutant, there are reduced DII-1/Notch
signaling and Tbx6 expression, sustained albeit at a lower level of Mesp2
stripe, and loss of Ripply2, leading to anteriorized somites. Blue text repre-
sents Wnt-regulated genes. Light text represents reduced expression. Symbols
in regulatory loop: arrow for direct activation, dotted arrow for indirect or
unknown activation, T for inhibition, and X for lost regulatory pathway or
gene expression. A, anterior somite half; P, posterior somite half.

with vertebral malformations such as spondylocostal dysostosis
(71-73). As a result of the redundancy between CREB family
members, mutations in each gene alone may not cause vertebral
defects. On the contrary, because the CREB family activity can
be influenced by many stimuli, we imagine that idiopathic spo-
radic scoliosis can arise from dysregulated phosphorylation of
the CREB family at critical junctures of somitogenesis.
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Materials and Methods

Generation of ROSA“C Knock-in Mice. A CMV/p-actin-loxP-Neo-3xpA-loxP-
A-CREB-IRES-nIsEGFP cassette was knocked into the ROSA26 locus (52) to
generate the ROSA“C allele (Fig. $3), which was then backcrossed to C57BL/
6J for eight generations. Genotyping was performed by using standard PCR
with primers listed in Table S2.

Immunostaining. Whole-mount immunostaining protocols described pre-
viously (16) were applied to whole or half tails of CD1 (Charles River),
Wnt3a*"*, and Wnt3a""* (JAX) embryos at stages specified in the text. Half
tails were cultured according to conditions described previously (74). Anti-
body dilutions were 1:50 rabbit anti-P-CREB (Cell Signaling) and 1:100
mouse anti-CREB (Cell Signaling). For immunohistochemistry on sections,
tails were fixed for 25 min in 4% (wt/vol) paraformaldehyde in PBS so-
lution and subjected to methods described previously (46) using 1:200
rabbit anti-P-CREB. Following incubation with 1:200 goat anti-rabbit IgG-HRP
or 1:200 horse anti-mouse IgG-HRP (Vector), DAB reactions were used for visu-
alization. For fluorescence, sections were processed according to a previous re-
port (75) by using 1:100 rabbit anti-P-CREB, 1:100 rabbit anti-NICD (Cell
Signaling), and 1:500 anti-fibronectin (Abcam), followed by1:1,000 Alexa 488
goat anti-rabbit IgG (Molecular Probes) or 1:200 horse anti-rabbit-HRP (Vector)
and 1/50 TSA plus Cy3 (Perkin-Elmer) reaction. For actin, 1 U/uL of Alexa 568
phalloidin (Molecular Probes) was used, and, for nuclei, DAPI (1 pg/mL) was used.

WISH. Antisense RNA probes used were as follows: Axin2, DIl-1, Mesp2,
Paraxis, Uncx4.1, and Wnt3a. Hes7 (gift from R. Kageyama, Kyoto University,
Kyoto, Japan), Lfng (gift from T. Gridley, Maine Medical Center Research
Institute, Scarborough, ME), Ripply2, Tbx6, and Tbx18 (gifts from T. Yamaguchi,
National Cancer Institute, Frederick, MD) were used for standard WISH (46).
Most genes were repeated four times, whereas cycling genes were re-
peated at least five times for each genotype.

Histology. H&E stain was applied to sections (60), whereas Alizarin red and
Alcian blue were used for whole-mount skeletal staining (76).

Microarray. E8.75 region Il PSMs from ROSA““AC or ROSA*““<;T-Cre embryos
were used for cRNA synthesis: three embryos per replicate and three repli-
cates for each genotype. Affymetrix Mouse 430 2.0 GeneChips were used
(subcontracted to Yale Center for Genome Analysis). Expression console
software version 1.1 (Affymetrix) was used for chip scanning, data quality
assessment, and normalization. DNA ARRAY 4.0 software and the Student
t test were applied to identify differentially expressed genes by the criteria
of >1.5 fold change and P < 0.05. Microarray data was deposited in the Gene
Expression Omnibus (GEO) database (accession no. GSE46426).

pChIP. Region Il PSMs (n = 20-25) were dissected from E9.5 CD1s and pre-
pared for uChlP analyses as described previously (77, 78) by using 2.4 pg of
P-CREB antibodies (Millipore) or rabbit IgG (Millipore). uChIP samples were
applied to SYBR green real-time PCR (Qiagen) by using an Opticon in-
strument (MJ Research). PCR primers for various CRE-sites are listed in Table
S2. Occupancy of P-CREB to CRE-sites was shown as percent input (amount
of ChIP DNA/amount of input DNA x 100) after subtracting IgG controls.
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