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Fig. 2. Posterior Hox and PSM markers are reduced by RARy-selective
agonist and expanded by RARy-selective inverse agonist. (A-F) WISH
from embryos treated post-gastrulation (stage 12.5) with 10 nM 4647, 0.5 uM
5099 or vehicle (0.1% ethanol). Dashed red line represents half the embryo
axis. 4647 diminishes and 5099 expands the expression of (A) Hoxd10 (4647
16/16; 5099, 17/17 embryos), (B) Hoxc10 (4647, 14/14; 5099, 21/21), (C)
Hoxc13 (4647, 12/12; 5099, 16/16), (D) Thx6 (4647, 11/12; 5099, 17/17)

(E) Msgn1 (4647, 15/15; 5099, 14/14), and (F) Rary2 (4647, 15/15; 5099, 9/9)
relative to control vehicle. Embryos shown in lateral or dorsal view at tailbud
stage, anterior to left

doses of 4647 create embryos lacking anterior and posterior
structures, as indicated by the absence of mid/hindbrain markers
En2 and Krox20 and of posterior gene Hoxcl( (supplementary
material Fig. S9C-F).

Msgnl and Tbx6 were upregulated by inverse agonist and
downregulated by agonist in the microarray analysis (Table 1).
Msgnl and Thx6 domains were reduced at tailbud stages by post-
gastrulation treatment of embryos with 4647, whereas expression was
expanded in embryos treated with inverse agonist 5099 (Fig. 2D,E).
However, in neurula stage embryos, 4647 reduced Msgn! expression

while 7hx6 expression was expanded (Fig. 3E,F,O,P). Expression of

Thx6 and Msgnl was expanded by 5099 (Fig. 31,J,Q.R), an effect
that was more pronounced at higher doses (supplementary material
Fig. S10L,J.Q.R). Somitomere markers 7/y/2 and Ripply2 showed
thicker domains; S-III expanded to the posteriormost edge of the
embryo where somites are not found in controls (Fig. 3G,H). At non-
receptor-selective doses, 4647 exacerbated the phenotypes of Msgn 1,
Thx6 and Ripply2 (supplementary material Fig. S10E.F,H.O.P)
and promoted ectopic expression of 7hy/2 in the midline. with
somitomeres occupying nearly the entire anteroposterior axis
(supplementary material Fig. S10G). By contrast, 5099 treatment
produced fewer, thinner somitomeres (Fig. 3K.,L), an effect more
pronounced at higher doses (supplementary material Fig. STOK.L).

Since Rary?2 is co-expressed with Msgnl, we expected that 4647
would reduce and 5099 would expand Rary2 expression. Rary2
expression was expanded by inverse agonist and reduced by agonist
(Fig. 2F) as verified by QPCR (supplementary material Fig. S11),
which is surprising given that other receptor subtypes (RARo2 and
RARP2) are induced by agonist (Leroy et al., 1991; Sucov et al.,
1990). The data indicate that 5099 enhances repression by RARY,
increasing caudal gene expression, whereas 4647 relieves repression
by RARY. diminishing caudal gene expression.
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Fig. 3. PSM markers are modulated by RARy-selective agonist and
inverse agonist. (A-R) WISH from embryos treated post-gastrulation (stage
12.5) with 10 nM 4647, 0.5 uM 5099 or vehicle (0.1% ethanol). (A-D) Control
expression of Msgn1, Tbx6, Thyl2 and Ripply2. (E) Msgn1 expression
diminished by 4647 treatment (17/17 embryos). (F) Thx6 expression expanded
by 4647 treatment (22/22). (G,H) Somitomere domains of Thy/2 (19/19) and
Ripply2 (17/17) are thicker and posteriorly expanded. (I,J) Msgn1 (17/17) and
Thx6 (13/13) expression expanded by 5099 treatment. (K,L) Somitomere
domains of Thyl2 (15/17) and Ripply2 (26/26) are fewer and thinner. Embryos
are shown in dorsal view at neurula stage, anterior to left. (M-R) Caudal views
of Msgn1 and Tbx6

Relief of repression reduces domains of posterior Hox and
PSM markers

Treatment with 4647 activates RARY and removes repressors from
RARY targets, creating posterior truncations. We hypothesized that
loss of RARY2 would phenocopy 4647 treatment once RARy2-
mediated repression was lost. We designed AUG MOs to capture both
pseudoalleles of Rary2. Knockdown of RARY2.1/2.2 resulted in loss
of Hoxcl10, Hoxd10, Hoxall and Hoxcl3 expression, together with
severe curvature and reduction of the injected side (Fig. 4A-D).
Microinjection of splice-blocking MO capturing both pseudoalleles
of Rary2 reduced the expression of Rary2 as measured by QPCR,
phenocopying the AUG MOs (supplementary material Fig. S12). We
demonstrated that axial truncation on the injected side was not due to
developmental delay (supplementary material Fig. S13). To establish
that RARY2 is solely responsible for the axial truncations and
reduction in posterior Hox and PSM domains, we showed that Rary2
MO can only be rescued with Rary2, but not Rare:2 or Rar32, mRNA
(Fig. 5). RARY2 knockdown reduced and shifted the expression of
Msgnl and Thx6 anteriorly along the midline (Fig. 4E,FI-J')
and caused an anterior shift in the paraxial domains of 7/y/2 and
Ripply2, while obliterating lateral expression (Fig. 4G.H). The
complexity of the Rary2 MO phenotype is likely to be due to the fact
that RARY2 knockdown both disrupts its repressive function in the
absence of ligand and its activation in the presence of ligand.
particularly near the determination wavefront.

When the dominant-negative co-repressor c-SMRT is overexpressed.
it binds RAR and blocks recruitment of co-repressors (Chen et al.,
1996). We identified several c-SMRT isoforms from Xenopus. selecting
that most similar to human ¢-SMRT that we used previously.
Microinjection of Xenopus laevis (X1) c-smrt mRNA relieved
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repression by GAL4-xRARy in whole embryos (supplementary
material Fig. S14). This effect was potentiated by addition of 1 uM
TTNPB (supplementary material Fig. S14). Overexpression of Xl
c-smrt mRNA caused significant reductions in the neural and lateral
domains of Hoxc10 and Hoxd10 (Fig. 6B.D). X1 c-smrt also reduced
Hoxc13. Thx6. Msgnl and xNor (Fig. 6F,H.H'.J.J.L). Similar to Rary2
MO, moderate truncation of injected axes was observed in 70% of
embryos, but the midline, rostral shifting of 7hx6 and Msgn! (as in
Rary2 MO embryos) was minimal. We conclude that XI ¢-SMRT
relieves repression of Rary2, causing loss of progenitor and PSM cells
and posterior Hox gene expression.

Another method for relieving repression is overexpression of
constitutively active VP16-RARYy2 (RARy2 fused to the VP16
activation domain). Microinjection of VP16-Rary2 mRNA led to a
truncated axis on the injected side in 100% of embryos and loss of
Hoxcl0, Hoxdl0, Msgnl and Thx6 expression (Fig. 7). These
embryos were less curved than Rary? MO-injected or c-smrt-
injected embryos, but rostral expansion of neural/midline and lateral
domains was consistently observed. similar to Rary2 MO embryos.

Increased repression expands posterior Hox and PSM
markers

Treatment with 4647 or microinjection of c-smrt or VP16-Rary2
mRNA relieved repression by RARY, increasing RAR signaling,
decreasing posterior Hox and PSM markers. Decreasing RAR
signaling should produce the opposite effect. We microinjected
mMRNA overexpressing the RA catabolic enzyme CYP26A1 and
observed rostral shifts in the lateral and neural expression domains
of Hoxcl0 and Hoxdl0 (supplementary material Fig. SI15).
Microinjection  of dominant-negative (DN)-RARy2  should
phenocopy 5099 treatment because co-repressors would be
retained on RARY2 targets. leading to repression. Overexpression
of DN-RARY2 increased the expression of Msgnl and Thx6 in both
lateral and paraxial domains, and shifted xNor expression rostrally
Rary2 MO

Rary2 MO Rary2 MO

Rary2 MO

Fig. 4. RARY2 knockdown alters expression of posterior Hox and PSM
markers. (A-J') Embryos were injected unilaterally at the 2- or 4-cell stage with
7.5 ng Rary2.1 MO+7.5 ng Rary2.2 MO. Injected side is indicated by magenta
B-gal lineage tracer. Rary2.1/2.2 MO decreases expression of (A) Hoxc10 (18/
18 embryos), (B) Hoxd10 (12/12), (C) Hoxa11 (9/9) and (D) Hoxc13 (16/16) in
tailbud stage embryos. Rary2.1/2.2 MO decreases lateral, but expands
midline, expression (green lines) of (E) Msgn1 (10/13) and (F) Tbx6 (8/11),
knocking down and shifting expression rostrally of (G) Thy/2 (13/15) and (H)
Ripply2 (13/14) in tailbud stage embryos. Rary2.1/2.2 MO decreases lateral,
but expands midline, expression (green lines) of (I) Msgn 1 (35/36) and (J) Thx6
(20/20) in neurula stage embryos. Embryos shown in dorsal view with anterior
on left. (I',J") Caudal views of | and J
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Fig. 5. Rary2 mRNA rescues posterior Hox and PSM expression in Rary2
MO embryos. (A-H) Embryos injected unilaterally at 2- or 4-cell stage. Injected
side is indicated by magenta (-gal lineage tracer. (A E) 5 ng Rary2.1 MO+5 ng
Rary2.2 MO+control (mCherry) mRNA diminishes Hoxc10 and Msgn1
expression, curving the embryo axis in 100% of embryos (Hoxc10, 23/23;
Msgn1, 13/13). (B,C,F.G) Co-injection of Rary2 MO and 1 ng Rare2 mRNA or
1 ng Rarf2 does not rescue the phenotype; however, (D,H) 1 ng Rary2 mRNA
partially rescues axial curvature and Hoxc10 (18/23) and Msgn1 (23/35)
expression. Tailbud embryos shown in dorsal view with anterior to left

(Fig. 8B.D.F). DN-RARY2 phenocopied the effects of Cypl6al
mMRNA (Moreno and Kintner, 2004) on somitomere markers 7/y/2
and Ripply2; rostral shifting and knockdown of somitomere
expression was the phenotype that we observed (Fig. 8H.J.K).
Microinjection of Rary2 MO alone resulted in knockdown of
Hoxc10 and axial truncation (Fig. 9A.B.E). We hypothesized that
this phenotype was due to loss of repression, reasoning that the
phenotype should be rescued with DN-RARY2. Axial defects and
lateral knockdown of Hoxcl0 expression were partially recovered
with DN-Rary2 mRNA (Fig. 9C.D.E). The neural domain of
Hoxc10 expression was rescued in nearly all embryos and a rostral
shift often observed. We conclude that increasing repression
with DN-RARY2 or overexpressing CYP26A1 (removing ligand)
promotes caudal gene expression, similar to chemical treatment with
5099. Moreover, loss of caudal structures and gene expression due
to Rary2 MO are rescued by restoring repression with DN-RARY2.

DISCUSSION

RARy repression in caudal development

Most studies consider only one aspect of RAR signaling. namely its
role as a ligand-activated transcription factor promoting the expression
of target genes. In developmental biology. RA signaling has been
studied extensively for its ability to promote differentiation and
establish boundaries in somitogenesis, neurogenesis and rhombomere
segmentation (reviewed by Rhinn and Dolle, 2012). Liganded RAR
has been predicted to function passively in the caudal region until
required to facilitate body axis cessation (Olivera-Martinez et al..
2012), when somitogenesis is nearing completion because the
determination wavefront, moving the RA source caudally, has
exhausted the progenitor cell pool (Gomez and Pourquie, 2009).
Here, liganded RARy would function as an activator promoting
apoptosis (Shum et al.. 1999) at terminal tailbud stage. However, this
does not address why RARY2 would be highly expressed where RA is
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Fig. 6. c-SMRT overexpression knocks down posterior Hox, PSM and
CNH markers. Embryos injected unilaterally at 2- or 4-cell stage with 4 ng
c-smrt mRNA or control (mCherry) mRNA. Injected side indicated by magenta
B-gal lineage tracer. (A,C,E,G,|,K) Control expression of Hoxc10, Hoxd10,
Hoxc13, Msgn1, Thx6 and xNot. (B,D,F H,J,L) c-smrt overexpression shortens
the axis on injected side in 70% of embryos. (B) c-smrt mRNA results in lateral
knockdown (13/23 embryos), neural knockdown (7/23) or neural rostral shift
(7/23) in Hoxc10 expression. (D) c-smrt mRNA produces neural and lateral
knockdown (15/19) or lateral knockdown alone (4/19) of Hoxd10 expression
(F,H,J) c-smrt mRNA knocks down expression of Hoxc13 (14/18), Msgn1
(12/14) and Tbx6 (15/15). Tailbud embryos shown with anterior to left

(H',J") Caudal views of H and J. (L) c-smrt mRNA knocks down xNot (12/15)
expression in neurula stage embryos (caudal view, dorsal to top)

presumed absent due to CYP26A1 expression. Here we show that
RARyY is engaged in all stages of caudal development, not solely as a
terminator of the body axis. RARy functions as an unliganded
repressor required for the maintenance of the posterior PSM and
progenitor cell population that allows axial elongation (Fig. 10).
RARY acts as a liganded activator in the anterior, segmented PSM to
facilitate somite differentiation (Fig. 10). Repression mediated by the
unliganded receptor-co-repressor complex constitutes a novel
mechanism by which posterior markers are upregulated during axial
elongation in Xenopus embryos.

Our microarray results suggest that axial elongation is regulated by
RAR-mediated repression. Enhancing repression with AGN193109
upregulated, and activation of RAR by TTNPB downregulated,
many posterior Hox, PSM and CNH genes in neurula stage embryos.
We identified AGN193109-upregulated genes expressed in PSM
(Table 1) that are mostly absent from regions of somite maturation
(Blewitt, 2009; Yoon et al., 2000). The CNH markers xBra3 and xNot
were also upregulated by AGN193109, thus both PSM and CNH
markers were upregulated by enhancing RAR repression and
downregulated by increasing RAR activation. Current literature
suggests the existence of a negative-feedback loop between these two
populations of cells: Msgn/ is induced by Brachyury and Wnt§ in
CNH but represses their expression to promote PSM fates (Fioret al.,
2012; Yabe and Takada, 2012). Our results support a novel role of
RAR repression in the maintenance of cells in both unsegmented
PSM and stem-like CNH.

We showed that X. /aevis RARo, RARP and RARY can repress
basal transcriptional activity in the absence of RA and examined
whether this repression is physiologically relevant in caudal
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VP16-RARy2 MRNA

Fig. 7. VP16-RARY2 overexpression knocks down posterior Hox and PSM
marker expression. Embryos injected unilaterally at 2- or 4-cell stage with
0.3 ng VP16-Rary2 mRNA or control (mCherry) mRNA. Injected side is
indicated by magenta (-gal lineage tracer. Control expression of Hoxc10,
Hoxd10, Msgn1 and Tbx6 is shown in Fig. 6A,C,G,I. (A-D) VP16-Rary2
overexpression shortens the axis on injected side in 100% of embryos.
(A,B) VP16-Rary2 mRNA results in neural/midline rostral shift and lateral
knockdown in Hoxc10 (9/13 embryos) and Hoxd10 (7/13) expression
Neural/midline knockdown is also observed (Hoxc10, 4/13; Hoxd10, 7/13).
(C.D) VP16-Rary2 mRNA rostrally shifts and/or knocks down Msgn1 (12/12)
and Tbx6 (13/13) expression. Tailbud embryos shown with anterior to left
(A’-D") Caudal views of A-D

development. Rary2 is expressed in embryonic regions where it
might actively repress genes involved in axial elongation. Rary?2 is
synexpressed with the PSM marker Msgn/ and overlaps with 7hx6,
Hoxc 10, the S-111 domains of 7/y/2 and Ripply2. and the CNH marker
xNot. By contrast, Rary2 is expressed at low levels in trunk (where
Myod and Rara are expressed) and in the anterior, segmented PSM
expression domains of 7hy/2 and Ripply2. Since absence of RA is
required for the proliferation and/or survival of caudal PSM and CNH
cells, the presence of RARY in posterior tissue would be contradictory
if it functioned as an activator. We infer that RARY acts as a repressor
throughout unsegmented PSM and CNH where RA is absent, but as
an activator of somitomere markers near the differentiation wavefront
where Rary2 overlaps with S-III and where Raldh2 expression
indicates the presence of RA. It remains unknown what repressors
RARY targets to indirectly upregulate caudal genes. One possibility is
that RARy represses Ripply2, which functions to repress 7bx6
(reviewed by Dahmann et al., 2011), as supported by the observation
that increasing activation with 4647 expands Ripply2 posteriorly.
Hence, RARy would normally function in the posterior to repress
Ripply2, therefore promoting expression of 7bx6.

RARYy repression promotes the maintenance of unsegmented
PSM and CNH

Since high doses of 4647 result in embryos consisting largely of
trunk. it is predictable that nearly the entire embryo differentiated into
somitomeres (with thicker boundaries). At lower, RARy-selective
4647 doses, somitomeres were shifted posteriorly and thickened. This
phenotype, which is also seen with RA treatment or FGF inhibition by
SUS402, was attributed to increased numbers of cells allocated to
somitomeres and a decreased progenitor pool (Dubrulle et al., 2001,
Moreno and Kintner, 2004). 5099 upregulates both 7hx6 and Msgn !,
indicating that unsegmented PSM is expanded by increased RAR
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Fig. 8. Overexpression of DN-Rary2 mRNA expands expression of PSM
and CNH markers, shifting or knocking down somitomere markers Thy/2
and Ripply2. (A-J) Embryos injected unilaterally at 2- or 4-cell stage. Injected
side is indicated by magenta B-gal lineage tracer. (A,C,E.G,l) Control
(mCherry) mRNA does not alter expression of Tbx6, Msgn1, Thyl2, Ripply2 or
xNot. (B,D,F) 2 ng DN-Rary2 mRNA expands expression of Msgn? (8/11) and
Thx6 (15/23) (green lines) and rostrally shifts xNot (8/10). (H,J) DN-Rary2
overexpression produces multiple phenotypes of Thy/2 and Ripply2
expression, as characterized and scored in K. Neurula embryos shown in
dorsal view with anterior to left

repression. However, we note distinct differences in the effects of

4647 on Thx6 versus Msgnl. Thx6 is upregulated by 4647 at early
stages but downregulated at later stages, as also observed for the
T-box gene 7bx/ (Janesick et al.. 2012). Unlike Msgnl, Thx6 plays a
dual role in the unsegmented PSM and the determination front where
it controls the anteroposterior patterning of somitomeres via Ripp/y2
(Hitachi et al., 2008).

Msgn 1 expression does not overlap somitomeres and functions
to maintain unsegmented PSM by encouraging the differentiation
of caudal stem cells. Loss of Msgnl expression leads to smaller
somitomeres owing to the accumulation of bipotential progenitor
cells that have not received signals to commit to PSM fate (Fior
et al.. 2012; Yabe and Takada, 2012). Treatment with 4647 also
leads to loss of Msgnl and thus somitomeres should be smaller;
however. they are larger. Despite such divergent early stage
phenotypes, Msgnl~ ~ embryos (Yoon and Wold, 2000) and 4647
embryos both display fewer somites and reduced caudal structures
at late stages. Caudal progenitors cannot be instructed to become
somites in Msgn/ ™'~ embryos. In 4647-treated embryos, the pool
is expeditiously transformed into thickened somitomeres early. but
the progenitor supply is exhausted before axial elongation is
complete. reducing somitomere numbers. That 4647 can
differentiate somitomeres at all without Msgn/ is intriguing.
Either 7hx6 compensates for Msgnl knockdown, or 4647 can
induce uncommitted, non-PSM progenitor cells to differentiate
into somitomeres.

Relief of RARy repression suppresses PSM and CNH marker
gene expression

If RARY2 functions solely as a repressor, then RARY2 knockdown
should induce a loss of repression phenotype. Rary2 MO
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Fig. 9. DN-Rary2 mRNA rescues posterior Hox expression in Rary2 MO
embryos. (A-D) Embryos injected unilaterally at 2- or 4-cell stage. Injected
side is indicated by magenta $-gal lineage tracer. (A) 2.5 ng Rary2.1 MO
+2.5 ng Rary2.2 MO or (B) 5 ng Rary2.1 MO+5 ng Rary2.2 MO diminishes
Hoxc10 expression and curves the embryo axis. (C,D) 2 ng DN-Rary2 mRNA
partially rescues this effect and expands neural expression of Hoxc70. Tailbud
embryos shown in dorsal view with anterior to left. (E) Detailed scoring of
the rescue experiment.

microinjection resulted in severely truncated body axes with caudal
PSM and posterior Hox markers significantly reduced at tailbud
stages, similar to 4647 treatment. This phenotype was attributed to
axial defects. not merely developmental delay. We noted three
differences between 4647-treated and Rary2 MO-injected embryos.
First, axes of Rary2 MO embryos were significantly curved. which
was attributed to imbalance/dominance of the uninjected side versus
the truncated injected side. Second, caudal PSM markers, while
qualitatively reduced with Rary2 MO, also expanded rostrally, even
when accounting for shortened axes on injected sides. Third,
thickened. posteriorly expanded somitomeres were not seen with
Rary2 MO. RARY2 acting as an activator near the somitogenesis front
where RA is present would explain some discrepancies. RA functions
in the determination wavefront to antagonize proliferating PSM and
promote somitomere differentiation (Moreno and Kintner, 2004). If
RA acts through RARY2 in the wavefront, then loss of Rary2 should
expand unsegmented PSM and reduce somitomere expression.
exactly as observed.

Axial curvature and loss of Hoxc/0 and Msgnl expression in
Rary2 MO-injected embryos could be rescued by Rary2, but not
Raro?2 or Rarf2 mRNA. Therefore, Rary2 is the sole receptor
responsible for axial elongation, in agreement with Rary2 as the
only RAR expressed in caudal domains. Rarf32 is present only in
trunk and pharyngeal arches (Escriva et al., 2006) and Rara?2 is
completely absent from the blastopore and surrounding area (see
figure SIA.B in the supplementary material of Janesick et al.,
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Fig. 10. RARy functions as both transcriptional activator and repressor
during somitogenesis and axial elongation. RARy is activated by RA
near the determination wavefront where PSM differentiates into somitomeres,
then mature somites. The progenitor pool within the PSM and CNH domains,
which is maintained by Rary repression, feeds into the wavefront until
exhausted, as somitogenesis proceeds faster than progenitors are replenished
(Gomez and Pourquie, 2009). As PSM and CNH domains diminish, the
distance between RA/wavefront (blue line) and the posterior tip of the embryo
(green line) becomes shorter. RA is able to enter the posterior, activating Rary,
switching its function from repressor promoting growth to activator terminating
growth. RXR, retinoid X receptor.

2013). Hoxc 10 expression could be rescued in Rary2 MO-injected
embryos by co-injecting  DN-Rary2 mRNA. definitively
establishing that RARY2 functions as a repressor in the caudal
domain. DN-RARY2 restored Hoxcl0 expression, especially in
neural tube, where additional rostral expansion was often
observed. DN-RARY?2 rescue restored curved axes only partially.
We predict that axial curvature is a loss-of-activation effect
inhibiting somitomere formation; therefore, the phenotype should
not be rescued by DN-RARY2, but rescued by wild-type RARY2,
as we observed.

Perhaps the most direct method for relieving repression of RARY2 in
caudal regions is overexpression of dominant-negative co-repressor
¢-SMRT, which binds RARY2 preventing recruitment of co-repressors
and thereby blocking repression. c-SMRT overexpression resulted in
truncated axes with loss of posterior Hox. unsegmented PSM and
CNH markers, but not rostral shifting of Msgn/ and 7hx6 as had been
observed for Rary2 MO embryos. This indicates that rostral shifting in
Rary2 MO embryos results from loss of activation rather than relief of
repression. We previously showed that ¢-SMRT not only relieves
repression of RAR but also potentiates ligand-mediated activation
(Koide et al., 2001). Since ¢-SMRT was expressed ubiquitously, it
could superactivate RARo or RARYy where RA is present. It should
also be noted that c-SMRT can interact with other nuclear receptors
and transcription factors. Therefore, we can only conclude that
¢-SMRT overexpression inhibits maintenance of the caudal PSM and
progenitor pool (where RA is absent). We cannot draw conclusions
about somitomere markers in c-SMRT overexpression embryos since
their expression is controlled by RAR activation, which c-SMRT does
not reduce.

RAR signaling and posterior Hox gene regulation
We identified a novel function for RARY as a transcriptional repressor
in the regulation of posterior Hox genes. Posterior Hox genes pattern

Development (2014) 141, 2260-2270 doi:10.1242/dev.103705

caudal embryonic regions, promote axial elongation (Young et al..
2009) and are linked to cell cycle progression (Gabellini et al., 2003)
and therefore proliferation. Axial elongation involves the addition of
tissue, as cells must proliferate to contribute segments. Normally,
FGF and RA signaling are mutually antagonistic, but we provide
evidence that RARy can support proliferative mechanisms in the
absence of RA.

Hox gene expression was altered by 4647 and 5099 treatment,
even post-gastrulation. Hence, although Hox gene expression is
initiated collinearly during gastrulation, this temporal pattern is not
immutable. In support of this model, axial progenitor cells
transplanted to anterior locations do not retain their previous Hox
identity (McGrew et al., 2008). Furthermore, manipulation of
anteroposterior locations of PSM and the determination wavefront
resulted in corresponding changes in Hox gene expression (limura
etal., 2009; Wellik, 2007). We showed that 4647 treatment pushes
determination fronts caudally and observed posterior regressions
of Hoxcl0, Hoxd10 and Hoxcl3 expression. Conversely, rostral
expansion in PSM by increasing RAR repression was accompanied
by anterior shifts in posterior Hox expression. Owing to posterior
prevalence, rostral shifts of Hoxcl0 or Hoxd1( expression could
indicate that thoracic segments will develop caudal structures at
later stages. Similarly, rostral shifts in Hoxc/3 could drive lumbar
segments to sacral morphology. Homeotic transformations from
manipulating RAR repression deserve future study.

Conclusions

We conclude that the RAR-mediated repression of caudal genes is
crucial for axial elongation, establishing another important role for
active repression by nuclear receptors in body axis extension. as
previously shown for head formation (Koide et al.. 2001). RARY2 is
likely to function as an activator near the determination wavefront and
a repressor to maintain axial progenitor pools in the PSM and CNH.
As axial elongation nears completion, RARY2 functions as an
activator because the progenitor pool is exhausted and RA comes into
close proximity to the caudal domain of RARY2. where it can then
promote apoptosis and terminate the body axis. This model is
attractive because it utilizes the same protein to activate or repress
target genes depending on the proximity to RA and explains the high
levels of posterior RARY2 expression. RARY2 is likely to function in
multiple steps of somitogenesis and axial elongation (Fig. 10): (1)
preservation of undifferentiated states in the progenitor pools (marked
by the CNH); (2) maintenance of PSM; (3) initiation of somitomere
differentiation; and (4) axial termination. Future studies require RARY
target gene identification because very few ChIP studies have
ascertained direct targets, and even fewer studies have explored
subtype-selective RAR targets. In the case of inverse agonist-
upregulated genes (the focal point of our study), identifying
repressors of PSM and progenitors will be key, as these genes are
likely to be targeted by unliganded RAR in a classic ‘repression of a
repressor” mechanism.

MATERIALS AND METHODS

Percellome microarray analysis

Xenopus laevis eggs from three different females were fertilized in vitro and
embryos staged as described (Janesick et al., 2012). Stage 7 cmbryos were
treated in groups of 25 in 60-mm Petri dishes with 10 ml 0.1* MBS containing
1 uM RAR agonist (TTNPB), 1 tM RAR inverse agonist (AGN193109) or
vehicle control (0.1% cthanol). Three dishes per treatment per female were
collected (27 dishes total: three technical replicates, three biological replicates
per treatment). Each dish of embryos was harvested at stage 18 into 1.5 ml
RNAlater (Invitrogen) and stored at 4°C. Samples were homogenized, RNA
isolated and DNA quantitated (Kanno ct al., 2006). Graded-dose spiked cocktail
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(GSC) made of five Bacillus subtilis RNA sequences present on Affymetrix
GeneChip arrays (AFFX-ThrX-3_at. AFFX-LysX-3_at. AFFX-PheX-3_at.
AFFX-DapX-3_at. AFFX-TrpnX-3_at) was added to the samplc homogenates
in proportion to their DNA concentration (Kanno et al.. 2006). GSC-spiked
sample homogenates were processed and probes synthesized using standard
Affymetrix protocols, applied to Xenopus microarray v1.0 GeneChips and
analyzed using Percellome software (Kanno et al.. 2006). Absolutized mRNA
levels were expressed as copy number per cell for each probe set.

Percellome microarray data were analyzed using CyberT (Kayala and
Baldi, 2012). We did not usc low value thresholding/offsetting or log/VSN
normalizations. Bayesian analysis used a sliding window of 101 and
confidence value of 10. The P-values reported arc Bonferroni corrected and
Benjamini and Hochber corrected. The full microarray datasct is available at
GEO under accession number GSES57352. Genes included in Table 1
comprise a subsct upregulated by AGN193109/downregulated by TTNPB
based on their regional expression in the posterior.

Embryo microinjection
Xenopus eggs were fertilized in vifro and embryos staged as described
(Janesick ct al.. 2012). Embryos were injected bilaterally or unilaterally at
the 2- or 4-cell stage with gene-specific morpholinos (MOs) (supplementary
material Table S1) and/or mRNA together with 100 pg/embryo -
galactosidase (B-gal) mRNA. For all MO experiments, control embryos
were injected with 10 ng standard control MO (GeneTools). Embryos were
maintained in 0.1* MBS until appropriate stages. Embryos processed for
WISH were fixed in MEMFA, stained with magenta-GAL (Biosynth), and
then stored in 100% cthanol (Janesick ct al.. 2012).

pCDGI-DN-xRary2 was constructed by cloning amino acids 1-393
(lacking the AF-2 domain) into the Neol-BamHI site of pCDG1 (Blumberg
ct al.. 1998). pCDGI1-VP16-xRary2 was constructed by cloning the VP16
activation domain upstrcam of xRary2 into pCDGI. pCDGl-xRara?2,
pCMX-GAL4-Rara and GAL4-Rary were from Blumberg ct al. (Blumberg
ctal., 1996). X. luevis Rarff] and Rarf32 sequences were found by aligning to
the X. rropicalis sequences. pCDG1-yRurfi2 and pCMX-GAL4-xRarf
cloning primers are listed in supplementary material Table S2. pCDG1-
xCyp26al and pCDGl-c-smrt were constructed by PCR amplification of
xCyp26al coding regions (Hollemann et al., 1998) or X1 ¢-smrt (37b—, 41+)
(Chen ct al., 1996; Malartre et al., 2004) and cloning into pCDGI.

YRaral [(1('!\'(':—(}5('}{\" ,\‘R(H'{Z.’,’[G(-KGAGS[ K\'l _\_RalﬁjEG(‘KG—GS('K\:
YRary1"CCRO=ESERY and yRary2 "GRG OSCRY wore designed according
to Klein ct al. (1996). constructed by two-fragment PCR, and cloned into
pCDGI1 (primer sequences are provided in supplementary material
Table S3). Four copics of RXRE'*-GRE'? (GGAAGGGTTCACCGAA-
AGAACACTCGC) were cloned upstream of the TK-luciferase reporter. All
pCDGI plasmids were sequence verified. linearized with Norl, and mRNA
transcribed using mMessage mMachine T7 (Ambion). pCS2-mCherry was
lincarized with Norl and transcribed from the SP6 promoter.

Embryo treatments and reporter assays

Microinjected embryos were treated at stage 8 with the following chemicals
(in 0.1* MBS): TTNPB (RAR agonist), NRX204647 (RARy-sclective
agonist), NRX205099 (RARy-sclective inverse agonist) or 0.1% cthanol
vehicle. Twenty-five embryos were treated in cach 60-mm Petri dish
containing 10 ml chemical. Treated embryos were fixed in MEMFA and
processed for WISH, or separated into five-embryo aliquots at stage 10.5 for
luciferase assays, or separated into five-embryo aliquots at neurula or tailbud
stage for QPCR as described (Jancsick ct al., 2012). Each group of five
cmbryos was considered one biological replicate (n=1).

WISH

Embryos were microinjected or treated with chemicals after the completion of
gastrulation (stage 12.5). WISH was performed as previously described
(Janesick et al., 2012). Raryl, Rary2, Rara (Blumberg ct al., 1992), Hoxc10,
Ripply2, Thyl2, Msgni (Klein et al., 2002), Hoxd10 (Lombardo and Slack,
2001), Thx6 (Uchiyama ct al., 2001), Raldh?2 (Glinka et al., 1996) and Myod
(Hopwood ctal., 1989) probes were prepared by PCR amplification of coding
regions from ¢cDNA with T7 promoter at the 3" end and in vitro transcribed.
Hoxc13 sequence was derived from EST clone XL042b19. Relevant primers
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are listed in supplementary material Table S4. Krox20 (Bradley et al., 1993)
and En2 (Bolce et al., 1992) probes were made using T7 and T3 polymerase
from EcoRI and Xbal lincarized plasmids. respectively. Probes were
transcribed with MEGAscript T7 (Ambion) in the presence of digoxigenin-
11-UTP (Roche). Double WISH was conducted as described (Janesick ct al.,
2012). DNP-Rary2 was transcribed in the presence of dinitrophenol-11-UTP
(PerkinElmer). Hoxcl0 cxpression was quantitated using MATLAB
(MathWorks) (supplementary material Fig. S8). The number of purple
pixels was calculated by thresholding individual RGB channcls (R&B>170,
G>120) and dividing by the total number of pixels occupiced by the embryo.

Transfection

1 pg CMX-Rar"CCRO=GSERY ofector plasmid was co-transfected with
5ug tk-(RXRE'Z-GRE'?)%4 [uciferase reporter and 35 pg pCMX-p-
galactosidasc transfection control plasmids as previously described
(Chamorro-Garcia et al., 2012). For activation assays, NRX204647 was
tested from 107" M to 107> M. For antagonism assays. NRX205099 was
tested from 107" M to 107" M against 107" M 9-cis RA. All transfections
were performed in triplicate and reproduced in multiple experiments. Data
arc reported as normalized luciferase+s.c.m. or percentage reduction=s.c.m.
using standard propagation of crror (Bevington and Robinson, 2003).

Quantitative real-time reverse transcription PCR (QPCR)

Total RNA from five-embryo pools was DNasc treated, LiCl precipitated,
and reverse transcribed into ¢cDNA (Janesick ct al., 2012). First-strand
c¢DNA was quantitated in a Light Cycler 480 System (Roche) using primer
sets listed in supplementary material Table S5 and SYBR Green. Each
primer sct amplified a single band as determined by gel electrophoresis and
melting curve analysis. QPCR data for supplementary material Figs S2 and
S7 were analyzed by ACt relative to Histone H4. correcting for amplification
cfficiency between RARs (Pfaffl, 2001). QPCR data for supplementary
material Figs S11 and S12 were analyzed by AACt relative to Histone H4.
normalizing to control embryos. Error bars represent biological replicates
calculated using standard propagation of crror.
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Specifications

Organism/cel] line/tissue Mus musculus

Strain BALB/c, dpc 18.5

Sex Both male and female

Array type Affymetrix MOE430 2.0 array

Data format Raw data: CEL files, processed data: Excel table

Experimental factors Tissue

Experimental features Gene expression in eSZ cells and eGP cells with
or without EWS-FLI1 expression was compared

Consent n/a

Direct link to deposited data

Deposited data can be found here: http://www.ncbi.nlm.nih.gov
geo/query/acc.cgi?acc=GSE32618.

Experimental design, materials and methods

Preparation of mouse embryonic superficial zone (eSZ) and growth plate
(eGP) cells

Femoral and humeral bones of BALB/c mouse embryos were re-
moved aseptically on 18.5 dpc, and they were microdissected into eSZ

* Corresponding author. Tel.: + 81 335700462.
E-mail address: takuro-ind@umin.net (T. Nakamura).

http://dx.doi.org/10.1016/j.gdata.2014.09.003

Ewing's sarcoma is a rare bone tumor that affects children and adolescents. We have recently succeeded to induce
Ewing's sarcoma-like small round cell tumor in mice by expression of EWS-ETS fusion genes in murine embry-
onic osteochondrogenic progenitors. The Ewing's sarcoma precursors are enriched in embryonic superficial zone
(eSz) cells of long bone. To get insights into the mechanisms of Ewing's sarcoma development, gene expression
profiles between EWS-FLI1-sensitive eSZ cells and EWS-FLI1-resistant embryonic growth plate (eGP) cells were
compared using DNA microarrays. Gene expression of eSZ and eGP cells (total, 30 samples) was evaluated with or
without EWS-FLIT expression 0, 8 or 48 h after gene transduction. Our data provide useful information for gene
expression responses to fusion oncogenes in human sarcoma.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/3.0/).

and growth plate (eGP) under a stereomicroscope (Zeiss Stemi 2000-C,
Carl Zeiss Microlmaging). Each region was minced and gently digested
with 2 mg/mL of collagenase (Wako Pure Chemical) at 37 °C for 2 h.
They were cultured in growth medium composed of Iscove's Modified
Dulbecco's Medium (Invitrogen) supplemented with 15% fetal bovine
serum, and subjected immediately to retroviral infection.

Retroviral infection

N-terminal FLAG-tagged EWS-FLIT was introduced into the pMYs-
IRES-GFP vector. The full length EWS-FLIT cDNA was a kind gift from
Dr. Susanne Baker. Retroviral infections of eSZ, eGP or shaft cells were
performed as described [1]. Infection efficiency was examined using a
FACSCalibur flow cytometer (Beckton Dickinson). Cells were harvested
after fourty-eight hours of infection.

RNA isolation and microarray

GeneChip analysis was conducted to determine gene expression
profiles. The per cell normalization method (Percellome method) was
applied to eSZ and eGP samples [2]. Briefly, cellular lysates were
prepared with RLT buffer (QIAGEN). A 10 pL aliquot of each lysate
was treated with DNAse-free RNase A (Nippon Gene Inc.,, Japan) for
30 min at 37 °C, followed by Proteinase K (Roche Diagnostics GmbH.,
Germany) for 3 h at 55 °C. The aliquot was then transferred to a
96-well black plate. PicoGreen fluorescent dye (Molecular Probes Inc.,
USA) was added to each well, shaken for 10 s four times and then incu-
bated for 2 min at 30 °C. DNA concentration was measured using a 96

2213-5960/© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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well fluorescence plate reader with excitation at 485 nm and emission
at 538 nm. N\ phage DNA (PicoGreen Kit, Molecular Probes Inc., USA)
was used as standard. As reported previously [2], the grade-dosed
spike cocktails (GSCs) made of the Bacillus subtilis RNAs corresponding
to the sequences in the Affymetrix GeneChip arrays (AFFX-ThrX-3_at,
AFFX-LysX-3_at, AFFX-PheX-3_at, AFFX-DapX-3_at, and AFFX-TrpnX-
3_at) were prepared, and GSCs were added to the sample homogenates
in proportion to their DNA concentrations. Total RNA was extracted
using the RNeasy Mini Kit (QIAGEN). The GeneChip Mouse Genome
430 2.0 Array (Affymetrix) was hybridized with the cRNA generated
from eSZ and eGP cells, and murine Ewing's sarcoma tissue (Table 1).
After staining with streptavidin-phycoerythrin conjugates, arrays
were scanned using an Affymetrix GeneChip Scanner 3000 and ana-
lyzed using Affymetrix GeneChip Command Console Software (AGCC,
Affymetrix) and GeneSpring GX 11.0.2 (Agilent Technologies) as de-
scribed previously [3]. The expression data for eSZ and eGP cells were
converted to Percellome data, i.e., absolute copy numbers of mRNA
per one cell, by the homemade software SCal4 (Spike Calculation
version 4). This software also graphically indicates the efficiency of
in vitro transcription, the dose-response linearity of the five GSC spikes
and the location of spike probe sets in the histogram of all probe sets
(Fig. 1A). From the same treatment group (n = 3), all the pairs
were plotted to a scatter graph as red (expression above detection
level) or green dots (below detection level) with the data of five yel-
low spike probe sets (Fig. 1B). If any samples did not draw a symmet-
ric scatter plot with yellow dot on the diagonal line, the sample were
rejected for evaluation, and they were subjected to additional
analyses.

Data analysis

Homemade software named RSort (Roughness Sort) [4]| was used.
This program sorts the probe sets as upward or downward peaks in a
3D isobologram (Fig. 2). To avoid biologically nonsense probe sets

Table 1
Summary of processed samples.
GEO accession no. Cell types Gene transfer Time (h)
GSM808581 eSZ No 0
GSM808582 eSZ No 0
GSM808583 eSZ No 0
GSM808584 eGP No 0
GSM808585 eGP No 0
GSM808586 eGP No 0
GSM808587 eSZ Empty vector 8
GSM808588 eSZ Empty vector 8
GSM808589 eSZ Empty vector 8
GSM808590 eGP Empty vector 8
GSM808591 eGP Empty vector 8
GSM808592 eGP Empty vector 8
GSM808593 eSZ EWS-FLI1 8
GSM808594 eSzZ EWS-FLI1 8
GSM808595 eSZ EWS-FLI1 8
GSM808596 eGP EWS-FLI1 8
GSM808597 eGP EWS-FLI 8
GSM808598 eGP EWS-FLI1 8
GSM808599 eSz Empty vector 48
GSM808600 eSZ Empty vector 48
GSM808601 eSZ Empty vector 48
GSM808602 eGP Empty vector 48
GSM808603 eGP Empty vector 48
GSM808604 eGP Empty vector 48
GSM808605 eSzZ EWS-FLI1 48
GSM808606 eSZ EWS-FLI1 48
GSMB808607 eSZ EWS-FLI1 48
GSMB808608 eGP EWS-FLI1 48
GSM808609 eGP EWS-FLI1 48
GSM808610 eGP EWS-FLI1 48

eSZ, embryonic superficial zone; GP, growth plate.
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Fig. 1. Evaluation of the microarray data according to the PerCellome method. (A) An
example of the SCal4 software report. SCal4 graphically indicates the efficiency of
in vitro transcription, the dose-response linearity of the five GSC spikes and the location
of spike probe sets in the histogram of all probe sets. (B) A scatter plot of gene expression
between two experimental groups. All the pairs of probe sets were plotted to a scatter
graph as red (expression above detection level) or green dots (below detection level)
with the data of five yellow spike probe sets.



