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DEVELOPMENTAL DYNAMICS 241:1487-1505, 2012

PATTERNS & PHENOTYPES

Microarray-Based Identification of Pitx3
Targets During Xenopus Embryogenesis

Lara Hooker, Cristine Smoczer, Farhad KhosrowShahian, Marian Wolanski,
and Michael J. Crawford*

Background: Unexpected phenotypes resulting from morpholino-mediated translational knockdown of
Pitx3 in Xenopus laevis required further investigation regarding the genetic networks in which the gene
might play a role. Microarray analysis was, therefore, used to assess global transcriptional changes down-
stream of Pitx3. Results: From the large data set generated, selected candidate genes were confirmed by
reverse transcriptase-polymerase chain reaction (RT-PCR) and in situ hybridization. Conclusions: We
have identified four genes as likely direct targets of Pitx3 action: Pax6, B Crystallin-bl (Crybbl), Hes7.1,
and Hes4. Four others show equivocal promise worthy of consideration: Vent2, and Ripply2 (aka Ledger-
line or Stripy), eFGF and RXRa. We also describe the expression pattern of additional and novel genes
that are Pitx3-sensitive but that are unlikely to be direct targets. Developmental Dynamics 241:1487-1505,
2012. 0 2012 Wiley Periodicals, Inc.

Key words: microarray; Pitx3; morpholino; Xenopus laevis; eye; lens; somite; Pax6; segmentation clock; retinoid;
mutant

Key findings:

e A microarray assay and secondary confirmation of Pitx3 morphants indicates that Pax6, B Crystallin-b1 (Crybb1),
Hes7.1, and Hes4 are good candidates for direct targets.

e Four other genes show equivocal promise worthy of consideration: Vent2, and Ripply2 (aka Ledgerline or Stripy),
eFGF and RXRa.

e Novel genes described (but that are likely indirectly affected) are described: Rbp4l, Galectin IX, Baz2b, and
Rdh16.

e In addition to previously described interactions in lens and brain, Pitx3 also intersects the segmentation pathway
and retinoid regulation.

Accepted 9 July 2012

INTRODUCTION

Pitx3 encodes a bicoid-like transcrip-
tion factor that is characterized by a
lysine residue at position 50 of the
homeodomain. The aphakia (ak)
mouse represents a natural Pitx3 mu-
tant model that is the result of two
deletions in its regulatory region that
abolish eye and brain expression,

but leave muscle expression intact
(Semina et al., 2000; Rieger et al.,
2001; Coulon et al., 2007). This geno-
type displays microphthalmic eyes
that lack developed lenses. They also
display impaired differentiation of do-
paminergic neurons in the substantia
nigra: mutants mimic the symptoms
of Parkinson’s disease (PD; Varnum
and Stevens, 1968; van den Munckhof

et al., 2003). In humans, PITX3 dis-
ruption can lead to congenital cata-
racts, anterior segment mesenchymal
dysgenesis (ASMD), Peter’s anomaly,
and/ or microphthalmia (Sakazume
et al., 2007). This implicates PITX3 as
a major player in the control of gene
transcription in lens fibers. In the
ventral tegmental area (VTA) and
substantia nigra compacta (SNc)
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Microarray data represented according to putative gene function. The 100 most up-

and down-regulated transcripts affected by Pitx3-morpholino-mediated knockdown were cate-
gorized by sequence analysis for stages 19 and 27 of X. laevis embryonic development. Colors
correspond to functional groups in the legend (right).
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Fig. 2.

regions of the midbrain, PITX3 is nec-
essary for the terminal differentiation
and survival of mesencephalic dopa-
minergic neurons (mDA; van den
Munckhof et al., 2003; Hwang et al.,
2009). Zebrafish pitx3 morphants also
exhibit small eyes with lens degenera-
tion, along with misshapen heads, a
bent dorsal axis, and reduced jaws
and fins (Shi et al., 2005). Disruption
of Pitx3 in Xenopus laevis impedes de-
velopment of lens and retina, and
recent evidence suggests an addi-
tional role in dorsal axis segmenta-
tion and in laterality (Khosrowsha-
hian et al.,, 2005; Shi et al., 2005;
Smoczer et al., In Press). In zebrafish,
Pitx3 expresses in the hypoblast of
gastrulating embryos (Dutta et al.,
2005), and the transcript is detectable
by reverse transcriptase-polymerase
chain reaction (RT-PCR) in pregas-
trula  Xenopus  (Khosrowshahian
et al.,, 2005). These two studies
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suggest an earlier involvement for
the gene in dorso-anterior patterning
than is generally understood.

Pitx3 binds target DNA to regulate
transcription of downstream genes by
means of bicoid binding elements
(BBE; TAATCC; Lamonerie et al.,
1996; Amendt et al., 1998). Pitx3
directly regulates MIP/Aquaporin O,
which encodes an abundant protein in
the lens that functions as an osmotic
regulator and cell adhesion molecule
(Chepelinsky, 2009; Huang and He,
2010; Sorokina et al., 2011). In zebra-
fish, pitx3 acts upstream of the tran-
scription factor foxe3, which is neces-
sary for the transition of lens
epithelial cells into differentiated sec-
ondary lens fibers by means of nuclear
degradation (Shi et al., 2005). Pitx3 is
also thought to regulate the balance
between mitosis and terminal differ-
entiation in the equatorial region of
the lens: here, it operates upstream of
cell cycle inhibitors p27Kipl and
p57Kip2 (Ho et al., 2009). Within
midbrain regions, it directly regulates
tyrosine hydroxylase (TH) expression,
the rate-limiting enzyme in dopamine
production (Landis et al., 1988; Lebel
et al., 2001; Messmer et al., 2007). It
also controls the neurotransmission of
dopamine in mDA neurons by means
of regulation of vesicular monoamine
transporter 2 (VMAT2) and dopamine
transporter (DAT, Hwang et al., 2009).
Direct regulation of Adh2 in mDA
neurons affects the production of reti-
noic acid that is necessary for proper
neuron development (Jacobs et al.,
2007). To complicate matters, Pitx3 is
a versatile transcription factor:
depending upon signaling context, it
can act as either a transcriptional ac-

tivator or as a repressor (Cazorla
et al., 2000; Messmer et al., 2007).

We performed a microarray analysis
to compare the transcriptomes of Pitx3-
and control-morphants at stages 19
(when eye development is commencing)
and 27 (when lens differentiation
begins; Nieuwkoop and Faber, 1967).
We elected to use morpholinos because
ectopic expression and dominant nega-
tive approaches could affect the
response elements of other Pitx family
members: the ectopic expression
approach is impossible to restrict solely
to Pitx3 expression domains, and the
homeodomain sequences of Pitx2 and 3,
for example, are identical. Pitx2 and 3
differ from Pitx1 by a single amino acid
in the turn between helices I and II.

Although the preponderance of liter-
ature regarding the gene relates to
lens and mDA neurons, Pitx3 also
expresses broadly throughout gastru-
lation, and later in somites, and lat-
eral plate mesoderm (Pommereit
et al., 2001; Khosrowshahian et al.,
2005; Smoczer et al.,, In Press). In
zebrafish, pitx3 expresses in the de-
marcation of the mesendoderm-
derived polster (Dutta et al., 2005).
Ectodermal explants have been useful
as source material for Xenopus micro-
array experiments in the past, but this
restriction to a single germinal layer
would miss some likely Pitx3 targets,
and in addition would require the com-
plicating necessity of neural inducing
agents. That said, the interpretation
of results can also be confounded by
the feature that morpholino-mediated
translational knockdown, unlike RNAi
approaches, solely affects translation
and does not appear to affect mRNA
degradation rates. Indeed, some

Fig. 2.

In situ hybridization analysis for putative targets of Pitx3 involved in eye development. Vis-

ual comparisons of gene expression patterns between right-side injected control-morpholino (Cmo)
or Pitx3-morpholino (Pmo) embryos and their untreated contralateral control. A-E: Pitx3 expression
patterns are presented for comparison (adapted from Khosrowshahian et al., 2005; Smoczer et al.,
In Press). A: demonstrates faint but detectable signal throughout the ectoderm and in agreement
with reverse transcriptase-polymerase chain reaction (RT-PCR) results. B: Expression is detectable
throughout neural ridge, while at stage 22, the gene is expressed in a cleared specimen where an
arrow indicates presomitic mesoderm. By stage 27 (D), Pitx3 is detectable throughout much of the
head ectoderm, as well as in branchial arches and somites. This pattern restricts later to somites,
otic vesicle, lens, and brain (D). F-G": Vent2 expression is reduced in the developing eye field at
stage 19 for the Pitx3-morpholino (Pmo) injected side (A’ white arrow) and at stage 27 (B’ black
arrow), when compared with control-morpholino (Cmo) injected embryos (A,B). H-I': Pax6 shows
reduced expression in eye field on Pmo side of embryos at stage 19 (C' black arrow) and 27 (D’
white arrow). J-J': Crybb1 shows drastic loss of expression in the eye vesicle on the Pmo-treated
side of stage 27 embryo (E') and no difference caused by Cmo treatment (E). Dotted line represents
the midline of the embryo, separating injected right side from contralateral left side control.

embryos are suspected to compensate
for morpholino-mediated knockdown
by releasing more transcript into cir-
culation (Eisen and Smith, 2008).

We designed our search for Pitx3 tar-
gets to be as broad as possible, and con-
sequently we sampled from whole
embryos. The results generated a long
list of genes that are affected by Pitx3
mis-regulation. We characterized novel
transcripts that represent putative tar-
gets of Pitx3 and report plausible
genetic pathways that are regulated by
this multifaceted transcription factor.

RESULTS AND DISCUSSION
Microarray Analysis

Morpholino specificity has been previ-
ously published and reported to selec-
tively reduce Pitx3 transcript and pro-
tein levels, with the control-morpholino
having none of these effects (Khosrow-
shahian et al., 2005). This specificity
has subsequently been confirmed using
a second Pitx3 morpholino and mis-
sense control (Smoczer et al., In Press).
Xenopus microarray GeneChips (Affy-
metrix) were used, and the data were
analyzed comparing control-morpho-
lino treatments to Pitx3-morpholino
treatments. The threshold for consider-
ation was set at a two-fold cutoff with a
P value of < 0.05. We categorized the
top 100 up- and down-regulated tran-
scripts at each stage, with regard to
function, and generated pie charts to
show their distribution (Fig. 1).

Among gene categories, the largest
group affected consists of transcripts
with unknown function (expressed
sequence tags; ESTs). Other tran-
scripts encoded secreted factors and
ligands, transport and binding pro-
teins, and modifying enzymes. In
summary, changes in expression pro-
files for these genes implicate Pitx3 in
some of the indirect controls upon
morphogenesis such as those exerting
an effect by means of regulation of
secreted morphogens.

When assessed in broad strokes, the
secreted factors and ligands are nota-
bly less up-regulated in morphants at
stage 27 than at stage 19; however, by
contrast, transcription factors are
more up-regulated at stage 27. At
stage 19, structural proteins were
more profoundly affected (both up- or
down-regulated) as a consequence of
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TABLE 2. Additional Genes Identified in the Microarray Data That Pertain to Genetic Pathways Implicated in this
Study
Gene ID UniGene ID Gene Highest BLASTn Hit (Xenopus laevis) Microarray ratio
Rax1 X1.186 Retina and anterior neural fold homeobox (Rax-a) 2.148 (19)
BB3-crystallin X1.26355 Crystallin, beta B3 (crybb3) 0.366 (27)
v-crystallin-like X1.23710 Transcribed locus, strongly similar to NP_001087320.1 0.140 (19)
crystallin, gamma A (X. laevis)
yB-crystallin X1.21441 Crystallin, gamma B (crygb) 0.298 (19)
fB3-crystallin-like X1.26349 69% similar to beta-crystallin B3 (H. sapiens) 3.800 (27)
>>BA4-crystallin X1.19126 (retired) Crystallin, beta 4 (cryba4) 0.223 (19)
replaced X1.67080 2.741 (27)
fB1-crystallin-like X1.1337 Transcribed locus, strongly similar to XP_002938264.1 2.122 (27)
predicted: beta-crystallin Bl-like (X. ¢ropicalis)
Thbx4 X1.21543 T-box 4 (tbx4) 0.436 (27)*
0.237 (27)*
Tbx5 X1.529 T-box 5 (tbx5-b) 0.432 (27)
HoxA10 X1.21639 Homeobox A10 (hoxal0) 0.373 (27)
HoxA13 X1.21581 Homeobox A13 (hoxal3) 2.337 (27)
Galectin I X1.747 Lectin, galactoside-binding, soluble, 1 (Igals1) 2.264 (19)
0.436 (27)
Galectin IIa X1.17371 Galectin family xgalectin-IIa (xgalectin-IIa) 0.291 (19)
Galectin IIb X1.21879 Galectin 4 (Igals4-a) 2.367 (19)
Galectin ITla X1.15364 Lectin, galactoside-binding, soluble, 9c¢ (Igals9c-a) 0.414 (27)
Galectin IITb X1.21878 Lectin, galactoside-binding, soluble, 9c¢ (Igals9c-b) 0.304 (19)

Pitx3 knockdown than at stage 27. A
similar picture developed for signal
transduction. The disruptions are con-
sistent with embryos experiencing
impaired movement, signaling and
morphological changes during neuru-
lation at stage 19, when the body plan
is arguably at its most ductile phase.
Overall, chromatin modifying genes
were up-regulated more than down-
regulated at both stages.

Our aim was to use the microarray
experiments to deduce novel Pitx3
pathways, so we first focused upon
the transcripts that were most up-
and down-regulated in response to
morpholino-mediated knockdown of
Pitx3. In published studies involving
samples from rapidly developing sys-
tems, microarray and RT-PCR results
have occasionally been at odds. More-
over, microarrays are likely to be sen-
sitive to subtle differences in the stag-
ing of developmental samples:
quantitative data might not be fairly
interpreted in absolute terms. We
elected to categorize on the basis of
trend: if gene expression levels were
altered two-fold or more relative to
controls, and this was repeated in a
second experiment, we pursued the
gene for further analysis using semi-
quantitative RT-PCR analysis and
riboprobe in situ hybridization. Genes

that expressed in expression patterns
that overlapped with Pitx3 were
deemed possible direct target genes of
Pitx3. Of this subset, we focused upon
those that also possessed putative
Pitx3 binding motifs in the 5 untrans-
lated region (UTR) of X. tropicalis
sequences. These were used for the
reason that they were wuniformly
available, and all of the Xenopus lae-
vis ESTs and genes that we have
examined to date enjoy near perfect
homology (Table 1). We then looked
deeper into the data set to see if genes
in the same signaling pathway or de-
velopmental process were similarly
affected (Table 2). If the behaviors of
the expanded set grouped in a logical
manner, and if the behaviors were
consistent with the Pitx3 knockdown
phenotypes, these genes were further
analyzed by RT-PCR or in situ
hybridization.

The affected genes can be classified
as: potential direct targets of Pitx3;
genes that operate within a Pitx3
regulated pathway; or genes that are
affected indirectly and outside of the
domain of Pitx3 expression as a
result of grossly perturbed patterns
of organ differentiation. Only four
genes with putative Pitx3 binding
motifs displayed both RT-PCR and
riboprobe in situ hybridization pat-

terns that were unequivocally con-
sistent with the microarray trend:
Pax6, Bb1Crystallin (Crybbl), Hes7.1,
and Hes4. Two others, Vent2, and
Ripply2 (aka Ledgerline or Stripy)
displayed altered in situ hybridiza-
tion patterns that were difficult to
interpret with respect to expression
level, because their respective pat-
terns were affected differently in dis-
parate domains (Table 1). For exam-
ple, although Vent2 expression is
obliterated in the optic region consist-
ent with the microarray trend, the
gene is up-regulated in the posterior
endoderm. Similarly, the banded pat-
tern of Ripply2 expression is anteri-
orized and delayed by morpholino at
early stages, but appears to recover
to some extent by stage 27.

In X. laevis, Pitx3 expresses in the
developing lens, the otic vesicle, and
head mesenchyme, as well as in the
branchial arches and along the ante-
roposterior axis in the developing
somites (Pommereit et al.,, 2001;
Khosrowshahian et al., 2005). Insofar
as Pitx3 is critical to lens placode
function, it plays a critical role in frog
retina induction (Khosrowshahian
et al., 2005), so one might expect gene
expression in retina to be indirectly
affected as well. Eye pathway genes
Pax6, L-Maf, and Crybbl, express in
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Fig. 3. Characterization of a novel transcript, Rbp4/, in X. laevis. A: Protein alignment showing distinct groups between retinol binding proteins
and purpurin family members. B: Temporal expression of Rbp4/ throughout embryonic stages of development, showing slight detection at stages
17 and 24, and an increase in expression at stages 31 and 35. Confirmation of microarray predictions by means of reverse transcriptase-polymer-
ase chain reaction (RT-PCR), showing an increase in Rbp4l expression in response to Pitx3-morpholino (Pmo) at stages 19 and 27, when com-
pared with wild-type (WT) and control-morpholino (Cmo) treatments. C-E: In situ hybridization with antisense riboprobe against Rbp4/ transcript
shows expression at stages 27 (C), 31 (D), and 35 (E) concentrated in the developing lens (white arrows, D and E) and at the dorsal midline of the
developing midbrain region. F: An embryo injected unilaterally with Pitx3 morpholino on its right side (left of the dotted line) displayed enhanced
and general expression in the craniofacial region. G: A schematic diagram of Rbp4l protein depicting a secretory signal at the N-terminus (red)
and three characteristic lipocalin motifs (blue) that classify this protein as a member of the kernel subfamily of lipocalins. GenBank accession num-
bers used to generate phylogenetic tree (A) are as follows: xRbp4l CD362061 (X. laevis), rRbp4 plasma BC167099 (rat), mRbp4 BC031809
(mouse), hRBP4 plasma AL356214 (human), cRbp4 precursor NM_205238 (chick), xIRbp4 precursor NM_001087726 (X. laevis), xIRb4 plasma
NM_001086998 (X. laevis), xtRbp4 plasma NM_001015748 (X. tropicalis), zRbp4 NM_130920 (zebrafish), zpurpurin AB242211 (zebrafish), spurpurin

NP_001135080 (salmon), ccpurpurin NP_001187969 (channel catfish), gpurpurin BAD42450 (goldfish), bcpurpurin AD028302 (blue catfish), cpur-
purin P08938 (chick).

the developing lens, and thus are good all affected in morphants. They likely Aphakia mice revealed a link
candidates for Pitx3 targets. Vent2, represent examples of the indirect between Pitx3 perturbation and reg-
Rbp4l (purpurin), Galectin IX, and consequences of Pitx3 perturbation. ulation of Pax6 and Rbp4 (Miinster,
Rax1 express in early retina, and are Moreover, a microarray survey of 2005). All of the aforementioned

ID: manoharj | Black Lining: [ON] | Time: 21:04 | Path: N:/3b2/DVDY/Vol24109/120115/APPFile/JW-DVDY120115



lclalele!

lelalole!

J_ID: ZTH Customer A_ID: DVDY23836 Cadmus Art: DVDY23836 Ed. Ref. No.: 12-0073 Date: 4-August-12 Stage: Page: 1494

A

E

xGalectinla
—L xGalectinlb

xGalectinVa
SR I xGalectinVb
xGalectinVllla
— XGalectinllla
L— xGalectinlllb
xGalectinlVa
— XGalectinlla
L xGalectinllb
xGalectinVla
. xGalectinVlla
xGalectinIX

317.4

T T T T T |

300 250 200 150 100 50 0
Amino Acid Substitutions (x100)

1 5 10 12 17 19 24 27 31 35 -RT = 5 s = S5 ¢

Fig. 4.
xRdh7
EEdeMG
xRdh9
i | xRdh5
. xRdh10
xRdh13
148.2
I I I 1 1 1 I I
140 120 100 80 60 40 20 0
Amino Acid Substitutions (x100)
e £ £ g &
o o = o
1 5 10 12 17 19 24 27 31 35 -RT e o o § N

E

27 Pmo

Rdh16 —

St. 27

Fig. 5.

ID: manoharj | Black Lining: [ON] | Time: 21:05 | Path: N:/3b2/DVDY/Vol24109/120115/APPFile/JW-DVDY120115




F2 F3
F4 F5
F6 F7
F8 F9

F10

J_ID: ZTH Customer A_ID: DVDY23836 Cadmus Art: DVDY23836 Ed. Ref. No.: 12-0073 Date: 4-August-12

Stage: Page: 1495

MICROARRAY OF PITX3 TARGETS 1495

provide validation for the efficacy of
the microarray. Unfortunately, none
of the previously published and char-
acterized targets of Pitx3 are repre-
sented on the microarray; however,
one of the probe sets is to an EST
that has homology to MIP/Aqua-
porin O, and it is down-regulated
consistent with expectation.

sophila proteins, OmID and BarH]I,
which are necessary for the differen-
tiation of photoreceptor cells in the eye
(Ladher et al.,, 1996). Along with
Vent2, Pax6, and Crybb1 are perturbed
in Pitx3 morphants (Fig. 2H—J).

Pax6 is required and sufficient for
the initiation of eye development
where it specifies the lens and retinal

primordia (Halder et al., 1995), and it
too is perturbed in our assays. The
microarray and RT-PCR data regard-
ing L-Maf’s response to Pitx3 perturba-
tion was ambiguous but is nevertheless
worth following up: its relationship to
Pitx3 has not been directly assessed;
however, Maf binding sites are deleted
in the promoter of a naturally occur-
ring mouse Pitx3 mutant (Semina
et al., 2000) and L-Maf itself appears to
reciprocally possesses 12 putative Pitx3
binding motifs in its 5'-UTR. L-Maf is
expressed in the developing lens in
response to inductive events from the
optic vesicle, and it is directly targeted
by Pax6 in chicks (Reza et al., 2002).
Maf acts specifically in the lens fiber
cells, where it can induce the expres-
sion of structural proteins such as the
y- and Bbl-crystallins (Crybbl; Ishiba-
shi and Yasuda, 2001; Cui et al., 2004).
Given the presence of numerous poten-
tial Pitx3 binding sites in the Crybbl
promoter, and the response of this gene

Riboprobe In Situ
Hybridization

We assessed the effect of Pitx3 pertur-
bation by injecting embryos at the
two-cell stage such that the left and
right sides of the developing embryo
could be compared as embryogenesis
ensued: morphant phenotypes were
monitored on the “mutant” side rel-
ative to the contralateral control.
Candidate gene expression patterns
were assessed for perturbation in
morphants and for a role in devel-
oping eye (Figs. 2-7), brain (Fig. 8),
somite (Fig. 9), and tailbud
(Fig. 10).

Eye development.

Among other domains, Vent2 (a.k.a.
Venitx2) is expressed in the dorsal ret-
ina (Fig. 2F,G) and it shows structural
and functional homology to two Dro-

Fig. 4. Characterization of a novel transcript Galectin IX in X. laevis. A: Protein alignment
showing amino acid similarities between Xenopus Galectin family members. B: Temporal expres-
sion of Galectin IX throughout embryonic stages of development, shows expression beginning
at gastrulation (stage 10), decreasing at stage 12, and expressing consistently at stages 17
through 35. Confirmation of microarray predictions by means of reverse transcriptase-polymer-
ase chain reaction (RT-PCR), detect an increase in expression at stage 19 and a decrease at
stage 27 for Pitx3-morpholino (Pmo) -treated samples, compared with wild-type (WT) and con-
trol-morpholino (Cmo). C-E: Galectin IX transcript expresses at stages 24 (C), 27 (D), and 31 (E)
concentrated in the developing eye (white arrows) and presumptive pronephros, persisting in the
nephric tubules and ducts. GenBank accession numbers used to generate phylogenetic tree (A)
are as follows: xGalectinla AB056478, xGalectinlb AB060969, xGalectinlla AB060970, xGalecti-
nllb AB080016, xGalectinllla AB060971, xGalectinlllb AB080017, xGalectinlVa AB060972, xGa-
lectinVa M88105, xGalectinVb AB080018, xGalectinVla AB080019, xGalectinVila AB080020,
xGalectinVIlla AB080021, xGalectinIX BJ056659.

Fig. 5. Characterization of a novel transcript, Rdh16, in X. laevis. A: Protein alignment showing
amino acid similarities between Xenopus retinol dehydrogenase (rdh) family members. B: Tem-
poral expression of Rdh16 throughout embryonic stages of development shows faint expression
beginning at stage 24 and 27, then increasing at stages 31 and 35. We were unable to confirm
the microarray predictions by means of reverse transcriptase-polymerase chain reaction (RT-
PCR), as no change in expression was detected between wild-type (WT) control-morpholino
(Cmo), or Pitx3-morpholino (Pmo) embryos. C-E: In situ hybridization with antisense riboprobe
against Rdh16 transcript, shows expression at stages 27 (C), 31 (D), and 35 (E) concentrated in
the eyecup, branchial arches, and otic vesicle, as well as along the lateral plate mesoderm, with
a focus on the posterior half (D), and on in the developing myotomes. GenBank accession num-
bers used to generate phylogenetic tree (A) are as follows: xRdh16 NP_001083356, xRdh7
NP_001079189, xRdh13 NP_001085680, xRdh5 NP_001086194, xRdh9 NP_001090337, xRdh10
ACN32204.

in our Pitx3 morphants, we speculate
that Maf and Pitx3 act in tandem to
activate the Cry genes. It is worth not-
ing that other Cry genes represented
on the microarray also underwent sig-
nificant fractional change, albeit at less
spectacular levels, namely: vy crystallin
(0.14), vy B crystallin (0.3), B B3 crystal-
lin (3.8), B A3 crystallin (2.74), and spe-
cies weakly similar to human B BI
crystallin (2.12), and B B3 crystallin
(0.37).

Novel Xenopus retinol-binding
protein Rbp4l is expressed in
lens. The microarray indicated that
an EST sequence encoding a 197
amino acid protein (GenBank
CD362061) was up-regulated at
stages 19 and 27 by 6.2- and 4.4-fold,
respectively. We obtained a clone from
NIBB (XL060f11) and after sequenc-
ing it, we identified it as a member of
the lipocalin protein family, namely
RBP4-like (Retinoid binding protein 4
like -Rbp4l) or purpurin. These small
extracellular proteins characteristi-
cally bind hydrophobic molecules and
are typically known as transport pro-
teins (Flower, 1996). Figure 3 shows
that Rbp4l shares 73% residue iden-
tity with goldfish and salmon, 75%
identity with zebrafish, and 78% simi-
larity to chick Rbp4l. The similarity to
human and murine retinoid-binding
protein precursor is on 55 and 54%,
respectively. Rbp4l consists of three
conserved motifs that create a cup-
shaped cavity, enabling the protein to
bind retinol, and the protein possesses
a signal peptide for secretion (Berman
et al., 1987). In zebrafish, rbp4l is
transcribed in photoreceptor cells,
and the protein is diffusely detectable
in all retinal layers (Tanaka et al.,
2007). As a supplier of retinol, a pre-
cursor of retinoic acid, this protein
activates the retinoic acid and reti-
noid receptor pathway (RAR and
RXR, respectively; Nagy et al., 1996).
Rbp4l functions as an extracellular
matrix protein in the inter-photore-
ceptor matrix, and it appears to be
necessary for cell adhesion and for the
survival of photoreceptor cells in the
neural retina (Berman et al., 1987;
Nagy et al., 1996). Photoreceptor cells
require retinol for phototransduction
and retinol is carried to them from the
pigmented retinal layer, through the
matrix, bound to Rbp4l. In contrast,
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the other RBPs, including Rbp4l’s
closest human homologue RBP4, are
synthesized in the liver, bind to reti-
nol in the blood (serum RBPs), and
they transport retinol throughout the
body to target cells (Goodman, 1981).
Human PITX3 maps to 10925, and
this is close to human RBP4 and sev-
eral retinoid synthetic CYP loci at
10g24 (Gray et al., 1997). According to
the Ancora resource, the region near
Pitx3 is replete with highly conserved
non-coding elements, so it is tempting
to speculate that the genes are embed-
ded within a conserved genome regu-
latory block (Kikuta et al., 2007; Eng-
strom et al., 2008).

Expression of Rbp4l is first detected
by RT-PCR around stage 17 and
increases past stage 35 (Fig. 3B). In
situ hybridization shows that expres-
sion of this transcript concentrates in
the lens area and as a pronounced
spot along the midline on the top of
the brain. It expresses at lower levels
in the craniofacial region and somites
(Fig. 3C-E). These expression pat-
terns are distinct from those reported
for RBP4 and purpurin. RT-PCR anal-
ysis was performed and confirmed
microarray trends: morphants demon-

strated an increase in expression at
stage 19 (1.84-fold) and 27 (2.88-fold;
Fig. 3B). Consistent with the microar-
ray and RT-PCR data, the gene under-
goes up-regulation as a consequence
of Pitx3 knockdown (Fig. 3F). Because
Rbp4l expression in Pitx3 morphants
is broadly up-regulated in the cranio-
facial region, our supposition is that
Pitx3 exerts its effects upon this gene
earlier than the lens stage, and when
Pitx3 expression is more expansive.
The murine homolog, Rbp4, is also
affected by Pitx3 depletion in Aphakia
mutants (Miinster, 2005). Taken to-
gether, the results for this novel reti-
nol binding protein show the possibil-
ity of acting downstream of Pitx3 in
lens developmental pathways, where
both genes are expressed.

Galectin IX is expressed in eye
field and retina. One of the EST
sequences from the microarray data
identified mostly with the Galectin
family, and represents a new family
member (Fig. 4). We identify this
sequence as a Galectin IX (GenBank
accession no. JN975639). It is related
to the tectonin family that encode
beta-propeller repeats: the microar-

Fig. 6. In situ hybridization analysis for putative Pitx3 target genes Obscnl/ and Baz2b. Visual
comparisons of gene expression patterns between control-morpholino (Cmo) and Pitx3-morpho-
lino (Pmo) right side-injected embryos. A: Obscnl shows a loss of expression in the branchial
arches (black arrow), otic vesicle, and retina when treated at stage 27 with Pmo (A’) versus Cmo
(A). B: Baz2b is substantially reduced in response to Pmo (B') in the retinal layer of the optic
protuberance (white arrow), as well as in the pronephros and in the anterior region of the dorsal
axis, when compared with Cmo (B).

Fig. 7. Characterization of a novel transcript, Baz2b, in X. laevis. A: Protein alignment showing
amino acid similarities between Baz2B homologs across organisms. B: Temporal expression of
Baz2b throughout embryonic stages of development show expression as a maternal transcript
in the egg “E” and throughout development to tailbud stage, with slight reductions in transcript
level at stages 10 and 19. B Confirmation of microarray predictions by means of reverse tran-
scriptase-polymerase chain reaction (RT-PCR) show abolished expression at stage 27 in
response to Pitx3-morpholino (Pmo) when compared with control-morpholino (Cmo) and wild-
type (WT) embryos. C-E: Baz2b expression at stages 21 (C), 31 (D), and 35 (E) is concentrated
in the developing eye, as well as the branchial arches and otic vesicle. Dark expression is seen
in the pronephros, persisting in the tubules (E). F: A schematic diagram of Baz2b protein depict-
ing various domains characteristic of Baz2B: methyl-CpG binding domain (MBD), DNA binding
domain (DDT), zinc finger domain (Z), adjacent to the bromodomain (BR). GenBank accession
numbers used to generate phylogenetic tree (A) are as follows: xBaz2b BQ400337 (X. laevis),
mBaz2b BC150814 (mouse), rBaz2b NM_001108260 (rat), hBAZ2B NM_013450 (human),
cBaz2b NM_204677 (chick), xtBaz2b BC166361 (X. tropicalis).

Fig. 8. In situ hybridization analysis for putative brain targets of Pitx3. Comparisons of gene
expression patterns between right-side injected control-morpholino (Cmo) or Pitx3-morpholino
(Pmo) embryos and their untreated contralateral control. A-B’: Hes7.1 at stage 19 shows
decreased expression in the midbrain hindbrain boundary or isthmus (black arrow) in response
to Pmo (AY) versus Cmo (A) and again at stage 27 Pmo (B') (black arrow) versus Cmo (B). C-D":
Spr1 stained embryos show increased expression (black arrow) at stage 19 when treated with
Pmo (C’), where no change in expression is observed with Cmo (C). At stage 27, Spr1 expres-
sion in the isthmus is abolished on the Pmo side (D’) (white arrow). Dotted line represents the
midline of the embryo, separating injected right-side from contralateral left-side control.

ray reports a change in transcript lev-
els at stage 19 (diminished to a frac-
tional level of 0.15) and stage 27
(diminished to 0.25 of its former
level). The function of a galectin can
be extremely varied: it has intracellu-
lar and extracellular functions in cell
adhesion, migration, proliferation,
and apoptosis and that are stage- and
tissue-specific (Cooper and Barondes,
1999).

Galectin IX, a gene uncharacterized
with regard to expression patterns
until this study, expresses in eye field
and later in both lens and retina (Fig.
4). Little is known of its promoter
structure, so it is early to speculate
whether or not the gene is a direct
target of Pitx3. In Xenopus alone, 12
different galectin proteins have been
identified, numbered in order of dis-
covery, and can be identified by means
of galactose-binding ability and pro-
tein motifs, specifically carbohydrate
recognition domains (Shoji et al.,
2003). Other Galectin family mem-
bers are expressed throughout the
embryo in specific spatiotemporal pat-
terns, suggesting varied developmen-
tal roles for each protein (Shoji et al.,
2003). Additional galectins were iden-
tified in the microarray data: Galectin
I1b (St.19 2.37-Fold), Galectin I (St.19
2.26-Fold, St.27 0.44-Fold), Galectin
IIIb (St.19 0.30-Fold), Galectin Ila
(St.19-0.29), Galectin IIla (St.27-
0.41). As a candidate Galectin, further
functional assessment for galactose-
binding affinity will be necessary to
firmly classify this novel protein
within the galectin family (Cooper and
Barondes, 1999). Using an NIBB clone
(XL103j23) we performed in situ
hybridization to visualize the expres-
sion pattern of this novel transcript,
which appears to be concentrated in
the presumptive pronephros and eye
regions (Fig. 4C-E). Expression begins
at gastrulation, fades and then
increases gradually beginning at neu-
rulation (Fig. 4B). Curiously, RT-PCR
for microarray confirmation (Fig. 3B)
shows a fractional increase in expres-
sion at stage 19 (5.28), but the expected
slight decrease at stage 27 (0.83) in
morphants. This interaction is likely
indirect because, even though expres-
sion patterns of Pitx3 and Galectin IX
overlap, in situ hybridizations do not
demonstrate obvious changes of Galec-
tin IX expression in morphants.
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Fig. 9. In situ hybridization analysis for putative segmentation targets of Pitx3. Visual comparisons of gene expression patterns between right-
side injected control-morpholino (Cmo) or Pitx3-morpholino (Pmo) embryos and contralateral control. A-B’: Ripply2 expression, showing as two
stripes in the presomitic mesoderm, shows an anterior shift (black arrow) in expression at stage 19 when treated with Pmo (A’) instead of Cmo (A).
At stage 27, Ripply2 expression pattern loses its distinct shape and becomes unrestricted in response to Pmo (B’), whereas with Cmo treatment,
precise patterning of this gene expression remains intact (B). C-D’: Hes4 expression becomes blurred in Pmo-treated embryos at stage 19 (C')
and at stage 27 (D) Hes4 expression is absent in the presomitic mesoderm (black arrow) and pronephros areas, compared with Cmo-treated
embryos (D). E-F': Hes7 no longer expresses in the most anterior stripe (black arrow), and the remaining two stripes are shifted anteriorly in com-
parison to the contralateral control (E'). At stage 27, on the Pmo side of the embryo (F'), Hes7 shows increased expression in the presomitic mes-
oderm (white arrow) and again an anterior shift of the striped pattern (black arrow). Dotted line represents the midline of the embryo, separating
injected right-side from contralateral left-side control.

Fig. 10.
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Novel Xenopus Retinol
Dehydrogenase (Rdh16). An EST
sequence found in the microarray
data can be identified as retinol dehy-
drogenase 16 (Rdh16) (Fig. 5).
Because retinoic acid is pertinent to
many developmental processes, and
Pitx3 has already been shown to regu-
late an aldehyde dehydrogenase,
AHD2 (Jacobs et al.,, 2007), this
sequence is interesting as a putative
downstream target of Pitx3. Retinol
dehydrogenases are enzymes that cat-
alyze the conversion of retinol (vita-
min A) to retinal, an intermediate in
the biosynthesis pathway of retinoic
acid (Pares et al.,, 2008). These
enzymes belong to the short-chain de-
hydrogenase/reductase (SDR) family.
Their substrate is retinol bound to
CRBP (cellular retinol binding pro-
tein) (Napoli et al., 1991) and they
appear to be differentially expressed
in different tissues (Chai et al., 1996).
Their differential expression suggests
tissue-specific roles for different fam-
ily members. Xenopus Rdh16 shows
51% similarity to human 11-cis RDH.
The 11-cis RDH is synthesized in the
retinal pigmented epithelium, is nec-
essary for the generation of 11-cis ret-
inaldehyde from retinol, and binds
visual pigments in the eye (Wald,
1968; Simon et al., 1995, 1996). Micro-
array predicts a fold change of 6.288
at stage 19 and 2.758 at stage 27 for
this transcript. We were unable to
confirm this by RT-PCR (Fig. 5B) or in
situ hybridization. We rule this gene
out as a Pitx3 target.

The expression of this retinol dehy-
drogenase appears only in tailbud
stages and is concentrated in the reti-
nal layer of the developing retina, pe-
ripheral lens, otic vesicle, branchial
arches, and along the anteroposterior
axis in a gradient intensified at the
posterior half (Fig. 5C-E). If this gene
is a homolog of human 11-cis RDH,
the expression in the eye would sup-
port a conserved functional role.

Novel Xenopus Genes Obscurin-
Like and Chromatin-Remodeling
Protein Baz2b. Other genes may
be indirect targets of Pitx3 such as
obscurin-like (Obscnl) in the eye field
and branchial arches (Fig. 6A), and a
chromatin remodeling gene Baz2b
(Figs. 6B, 7). Obscnl, is an EST
weakly similar to obscurin, cytos-
keletal calmodulin, and titin-interact-
ing RhoGEF. Because neither gene’s
expression pattern is altered in all
Pitx3-expressing domains, it seems
likely that they are affected by the
morphological changes induced by
Pitx3 knockdown, and thus should be
considered indirectly affected.

The EST with homology to the BAZ
family of bromodomain-containing
proteins (bromodomain adjacent to
zinc finger) is tentatively assigned the
designation Xenopus Baz2b (Gen-
Bank accession no. JN975638). The
clone represents the 5 half of a
sequence encoding the N-terminus
(921aa). This protein family contains
a conserved bromodomain at the C-
terminus, adjacent to a PHD zinc fin-
ger motif (Fig. 7F). Bromodomains,
capable of binding acetyl-lysine resi-
dues, are often found in proteins with
histone acetyltransferase (HAT) activ-
ity, and they are thought to play a
role in chromatin-dependent gene
regulation by unwinding histone-
DNA complexes (Zeng and Zhou,
2002). Baz2b may have the ability to
bind methylated CpG regions through
a methyl-CpG binding domain (MBD;
Fig. 4F). There is some evidence of
BAZ proteins having the ability to
interact with human homologs of
ISWI, which in Drosophila, binds the
BAZ1 protein homolog Acfl to form
the ACF chromatin remodeling com-
plex (Ito et al.,, 1999; Jones et al.,
2000a,b).

The microarray predicts that at
stage 19 this transcript decreases in
morphants to a fraction of 0.4 and at
stage 27 to a fraction of 0.27. Unfortu-

Fig. 10.

In situ hybridization analysis for putative tailbud targets of Pitx3. A-B’: HoxA11 shows

decreased posterior expression in the tailbud region (white arrows) of Pmo embryos at stages
19 (A") and 27 (B'); C-D': Spr2 displays a broader and larger domain of expression (black
arrows) when treated with Pmo, both at stage 19 (C) and 27 (D’), compared with Cmo-treated
embryos (C, D). E-F’: Lim1 expression disappears from paraxial mesoderm (red arrow) and is
up-regulated in lateral mesoderm (black arrow) at stage 19 when treated with Pmo (E’). At stage
27 (F'), Pmo reduces Lim1 expression in the developing pronephros (black arrow) and in the

head mesenchyme and along the dorsal axis.

nately, by RT-PCR stage 19 transcript
is just at the limit of detectability. RT-
PCR shows expression throughout
embryogenesis, beginning as a mater-
nal transcript in the oocyte and per-
sisting through tailbud stages, and
confirms the microarray data by show-
ing a drastic decrease in expression at
stage 27 (to a fraction of 0.086), with
undetected expression at stage 19
(Fig. 7B). Its spatial expression pat-
tern, initially quite diffuse (not
shown), condenses around the devel-
oping eye and pronephric structures
during tailbud stages (Fig. 7C-E).

Since Pitx3 has been shown to play
major roles in both the lens and retina
development, these genes correlate
with a role for this transcription fac-
tor in specifying lens placode, initiat-
ing lens differentiation, and in induc-
ing retina (Khosrowshahian et al.,
2005).

Brain expression.

One candidate sequence was highly
similar to Hes-related 1, and is tenta-
tively re-assigned the name Hes7.1
based upon homology to the X. ¢tropica-
lis and human genes. This gene likely
specifies the frog midbrain/hindbrain
boundary, or isthmus (Shinga et al.,
2001; Takada et al., 2005). The isth-
mus is an important organizer of brain
regionalization and consequent pat-
terning (Nakamura and Watanabe,
2005). When murine Hes]1 is disrupted,
brain patterning mediated through the
isthmus is damaged, and the mesence-
phalic dopaminergic (mDA) neurons
fail to thrive. The same authors report
that expression of both Pitx3 and tyro-
sine hydroxylase is abnormal (Kameda
et al., 2011). Because the related Xeno-
pus homolog possesses 11 putative Pitx
binding motifs, future studies should
be sensitive to the possibility that
Hes1/Hes7.1 and Pitx3 are engaged in
a reciprocally regulatory relationship.
Sprl, a Xenopus laevis transcription
factor that is related to the human Sp1
and mouse Sp5 zinc finger genes, is
expressed in the forebrain as well as
the isthmus, where eFGF also plays a
role (Isaacs et al., 1992; Ossipova et al.,
2002). Both Sprl and Hes7.1 show
decreased expression in the isthmus
in response to Pitx3-morpholino as
assessed by in situ hybridization
(Fig. 8).
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Unfortunately, tyrosine hydroxy-
lase, a gene critical to differentiation
of dopaminergic neurons (mDA) of the
substantia nigra, is not represented
on the microarray. However, Wnt1, an
early stage marker for murine isth-
mus (Wiirst et al., 1994), is both rep-
resented on the microarray and
down-regulated (Table 2). Only an
unworkably small fragment of the
gene has been cloned in frog (Wolda
and Moon, 1992). Because Pitx3 is
especially pertinent for the differen-
tiation and maintenance of mDA neu-
rons and because the isthmus is criti-
cal to development of the substantia
nigra (Marchand and Poirier, 1983), it
is tempting to speculate that this
Pitx3 effect is mediated through con-
trol of isthmus patterning at early de-
velopmental stages.

The expression patterns of LimlI
will be discussed a greater length
later, however, it is worth noting in
the context of isthmus and substantia
nigra (structures that are induced
and patterned early by Lim I [Shawlot
and Behringer, 1995]), that although
the RT-PCR assays did not confirm
the microarray data, nevertheless, in
situ hybridization did. Moreover,
Lim1 possesses 5 evolutionarily con-
served Pitx3 binding motifs. Based
upon our preliminary slate of putative
signaling partners, our suspicion is
that Pitx3 plays a heretofore unchar-
acterized role during gastrulation to
pattern anterior-most structures—
previous work has indicated that it
expresses in fish hypoblast (Dutta
et al., 2005), and somewhere in Xeno-
pus pregastrula (RT-PCR, uncharac-
terized and low-expression location;
Khosrowshahian et al., 2005).

Segmentation and tailbud
signaling.

The Ripply family, Ripplyl (bowline),
Ripply2 (ledgerline, stripy) and Rip-
ply3 serve as transcriptional repress-
ors that are necessary for proper
boundary formation during somito-
genesis. The Ripply genes appear to
act by balancing the FGF/RA signal-
ing wave front and thereby regulate
the emergence of new somites: this
regulation is likely mediated by inter-
action with T*box genes (Chan et al.,
2006; Kawamura et al., 2008; Hitachi
et al.,, 2009). It is interesting that

both Thx4 and Tbx5 go down in our
data set (0.237 and 0.436 for each of
the two Tbhx4 probands, and 0.432 for
Tbx5). Ripply2, Hes4, and Hes7 are
perturbed in Pitx3 morphants (Fig. 9),
and Ripply2 possesses 20 Pitx3 bind-
ing sites in its 5'-UTR. Hes7 expres-
sion patterns confirmed the microar-
ray data, however, triplicate RT-PCR
reactions did not substantiate this
statistically. We note that RT-PCR
consistency has historically been a
problem in microarray studies (Alt-
mann et al., 2001; Buchtova et al.,
2010), and given the presence of 10
Pitx3 binding motifs within the 5'-
UTR of Hes7, we are inclined to pur-
sue this gene’s candidacy further. Per-
turbation of Hes4 is complex: it
appears to wup-regulate at early
stages, to remain unchanged through
neurulation, but to be inhibited at
tailbud stages (Smoczer et al., In
Press). Hes4 and Hes7 are factors that
function downstream of the Notch
pathway during somitogenesis and
that mediate segmental patterning of
the presomitic mesoderm where they
serve as components of the segmenta-
tion clock (Jen et al., 1999; Tsuji et al.,
2003; Murato et al., 2007). Recently,
presomitic expression has been
reported for Pitx3 and its perturbation
results in anomalous segmentation
presenting as a bent dorsal axis and
aberrant  somite = morphogenesis
(Smoczer et al.,, In Press). Ripply2
morphants also produce bent dorsal
axes and shift Hes4 and Hes7 expres-
sion patterns anteriorly (Chan et al.,
2006). Further research is necessary
to deduce which of these are direct
downstream targets of Pitx3, but a
good starting point would be to test if
Pitx3 modulates Ripply2 and thereby
indirectly alters expression of the Hes
genes.

Both eFGF and RXRa are tran-
scribed in the tailbud and thus may
be factors that are affected by Ripply2
(Chan et al., 2006). eFGF' extends to
the posterior of the body axis and into
the proliferating tailbud where noto-
chord and somites continue to
emerge. eFGF is also expressed later
in the myotome of the trunk (Isaacs
et al., 1992). Both eFGF and RXRa
appear regulated by Pitx3 in the
microarray dataset, but neither con-
firm by RT-PCR. The expression lev-
els are too low to be reliably detected

by in situ hybridization at stage 19
and 27; however, both possess consen-
sus Pitx3 binding motifs in their re-
spective 5'-UTR. Given the effects of
Pitx3 perturbation upon the somito-
genesis- and tailbud-expressing genes
HoxA1ll, Spr2, and Lim1 (Fig. 10), it
might be worth re-examining their
failed candidacy as targets.

Spr2 and HoxAll are affected by
Pitx3  mis-regulation (Fig. 10).
HoxA1l specifies positional identity
along the anteroposterior axis and is
largely expressed in the posterior
notochord and tailbud mesoderm
(Lombardo and Slack, 2001). Other
Hox genes are affected to a lesser,
though still significant fractional
degree: HoxA13 (2.4), and HoxA10
(0.37). The differential effect upon
these genes renders an indirect medi-
ation by retinoid metabolism unlikely.
Lim1 expression undergoes a complex
modulation of expression: lateral mes-
oderm expression increases, while in
paraxial mesoderm, expression is
abolished. Spr2 and Vent2 are
expressed in the developing tailbud
(Ladher et al., 1996; Ossipova et al.,
2002), so effects in this domain would
also be reflected in the microarray.

Indirectly characterized early
perturbation effects.

Although the microarray data was an-
alyzed for embryos at stages 19 and
27, a significant number of candidates
are pertinent for early patterning of
the embryo, and moreover, are known
to interact with each other in a man-
ner consistent with Pitx3 impinging
upon their respective regulatory net-
works. Pitx3 has been detected at
early stages in the embryo (stage 8;
Khosrowshahian et al., 2005) suggest-
ing an unknown function for this
transcription factor at earlier stages.
One of our candidate targets, Vent2,
provides ventralizing information and
perhaps signals for the differentiation
of the epidermis (Ladher et al., 1996).
This factor directly down-regulates
the homeobox gene Goosecoid (Gsc),
which is expressed in Spemann’s or-
ganizer and then becomes undetect-
able as the embryo undergoes neuru-
lation (Cho et al., 1991; Trindade
et al., 1999). Gsc is responsible for the
development of dorsal structures (Cho
et al., 1991). These two genes, Vent-2
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TABLE 3. Parameters and Primer Sequences Used in RT-PCR Experiments
Anneal

Gene Primers Size  temp GenBank no. Reference

ODC Sense: 5’ - GTC AAT GAT GGA GTG TAT G - 3/ 385bp 57°C XenBase
Antisense: 5 - TCC ATT CCG CTC TCC TGA - 3

Lim1 Sense: 5’ - CCG ACA CAT AAG GGA GCA GC - 3 573bp 60°C X63889 Homemade
Antisense: 5’ - CTG GTG GGT GTG ACA AAT GG - 3

Sprl Sense: 5’ - CCA GGT ACA AGT CCT ACT GA - 3’ 752bp 54°C AY 062264 Ossipova
Antisense: 5 - GAG TGC CAC CTC AAATGA GC - 3 et al., 2002

Spr2 Sense: 5’ - CAA ACT GTT GCC TCT CAT GAG - 3 380bp 54°C AY 062263 Ossipova
Antisense: 5’ - CAC TTA CAC CTC CGG CAG CGC - 3 et al., 2002

Vent2 Sense: 5’ - GCT TTC TCC TCG GTT GAA TG - 3’ 461bp 57°C X98454 Homemade
Antisense: 5 - TCT CCT TCA GGG GCT GTA GA - 3

Hes4 Sense: 5’ - GCA CGA ACG AAG TCA CAC GA - 3 297bp 65°C AF139914 Homemade
Antisense: 5 - GCT GGG TTG GGA ATG AGG AAA G - 3

Hes7.1 Sense: 5'- TGT AAT GTG CTC AAA TGG CG - 3’ 336bp 54°C BJ088128 Homemade
Antisense: 5’ - TCC GTC AGC CCT ACA AAGAC -3

Obscnl Sense: 5 — ACA GTA TGG TTC ACA GCC -3 283bp 57°C BJ085487 Homemade
Antisense: 5 — CAG TTG GCA CAT CAATCC AG -3

Gsc Sense: 5’ - ACA ACT GGA AGC ACT GGA - 3 279bp 52°C M81481 XenBase
Antisense: 5 - TCT TAT TCC AGA GGA ACC - 3’

RXRa Sense: 5’ - AAG ATA CTT GAG GCG GAG CA - 3/ 531bp 54°C L11446 Homemade
Antisense: 5’ - TTC GGG GTA TTT CTG TTT GC - 3

L-Maf Sense: 5’ - CTT GCT CCT CCT CAATCT CTG G - 3 331bp 54°C AF202059 Ishibashi and
Antisense: 5 -CCG ACA AAG GCG AAA GCT GGT G - 3 Yasuda, 2001

eFGF Sense: 5 - TTA CCG GAC GGA AGG ATA - 3 222bp 56°C X62594 Kroll Lab
Antisense: 5’ - CCT CGA TTC GTA AGC GTT - 8’

Bix4 Sense: 5’ - CAG AAC AGG AGA TCA AAA GC - & 414bp 54°C AF079562 Homemade
Antisense: 5’ - CGG GTA GGT ACT AGA TGC TG - 3

Hes7 Sense: 5 — TGT TGG CTT GAA AGG TTT GT - 3 394bp 60°C BJ058661 Homemade
Antisense: 5 — CTC AAA ATG TGT CAT AAT CCA - 3

Ripply2 Sense: 5 — ATG GAG CCG AAT CAA CAG C - 3 352bp 57°C AB073615 Homemade
Antisense: 5 — TGT CTT CCT CTT CAG AGT CA - &

Crybbl Sense: 5 — CGT GGT GAG ATG TTT ATC CTG GAG - 3 394bp 60°C CD303346 Homemade
Antisense: 5" — CCT TCT GGT GCC ATT GAT TGT CTC - 3’

Pax6 Sense: 5 — GCA ACC TGG CGA GCG ATA AGC - 3 448bp 56°C U77532 Zuber
Antisense: 5 —CCT GCC GTC TCT GGT TCC GTA GTT - 3 et al., 2003

HoxAll Sense: 5 — AAT CCC TCC AAT GTC TAC CAC C - 3 363bp 56°C AJ319668 Slack
Antisense: 5 — CTG GTA TTT GGT ATA CGG GCA C - 3 et al., 2001

Rbp4l Sense: 5 — AGA TGC AAT GCT CAGTCCT -3 432bp 54°C CD362061 Homemade
Antisense: 5 — GCG GGA GAA TAT AAT AGA ATA - 3

GalectinIX Sense: 5 — CCC GTG CCT GGT ATT TCA - 3’ 448bp 55°C BJ056659 Homemade
Antisense: 5 — ACC TGG CTG GAG TGA ACA - 3

Baz2b Sense: 5 — AAG ATG ATG ATG AGG ACGA -3 837bp 55°C BQ400337 Homemade
Antisense: 5 — CCA TTT TAG CCT GCT GTT TC - 38

Rdh16 Sense: 5 — CTG CGA CTC TGG GTT TGG A -3 750bp 57°C BG514525 Homemade
Antisense: 5 — TCA TAG CCG GCA GAG TAG - &

and Gsc, play antagonistic roles in the
establishment of the dorsoventral
axis. Liml1 expression peaks at gas-
trulation in Spemann’s organizer, and
has the ability to directly activate Gsc
and maintain its expression in the
prechordal plate (Mochizuki et al.,
2000). All three are represented as
Pitx3-sensitive in the microarray;
however, Gsc expresses too early to
have been monitored in our riboprobe
in situ hybridization although it
should be noted that Gsc possesses 14
Pitx3 motifs in its 5'-UTR.

Bix4 is a Brachyury-inducible
homeobox-containing gene and is
thought to induce both mesoderm and
endoderm formation depending on
the concentration of its encoded pro-
tein (Tada et al., 1998). It expresses
earlier than we monitored by in situ
hybridization at stages 19 or 27. Simi-
larly, eFGF and RXRa are also
expressed early in development, well
before the stages that we assessed.
eFGF is most similar to FGF-6 and
FGF-4 in mammals, yet may repre-
sent a novel FGF secreted factor that

has both mesoderm-inducing proper-
ties and roles in anteroposterior pat-
terning (Isaacs et al.,, 1994). RXRa
encodes a retinoid X receptor that is
part of the nuclear receptor family
that mediates the effects of retinoic
acid upon embryos. Expression of
RXRa begins as a maternal transcript
in the oocyte, and then is temporarily
abolished before gastrulation, leading
to a role for this receptor in early pat-
terning of the embryo (Blumberg
et al., 1992). RA provides positional
information and helps to pattern the
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TABLE 4. Gene-Specific Information Regarding Restriction Enzymes and RNA Polymerases Used to Generate
Riboprobes for In Situ Hybridization Experiments
Gene Plasmid Restriction enzyme RNA Polymerase Reference/source
Lim1 pBSKS+/Xlim-1 (pXH32) Xhol T7 Dawid, I. (NICHD)
Vent2 pBS-XOM EcoRI T7 Ladher et al., 1996
Sprl pBSTSp1 T3/597(2-3)-2/XSPR-1 Notl T3 Ossipova et al., 2002
Spr2 pCS2+NLSmyc/XSPR-2 Xhol T7 Ossipova, O. (unpublished)
Hes4 XL409i23ex EcoRI T7 NIBB
Rbp4l XL.060f11 BamHI T7 NIBB
GalectinIX X1.103j23 EcoRI T7 NIBB
Baz2b 6989392 Sall T7 ILM.A.G.E.
Rdh16 9897030 Sall T7 IM.A.G.E
Hes7.1 X1L.091p04 EcoRI T7 NIBB
Obsenl XL106a24 EcoRI T7 NIBB
Hes?7 XL060b05 EcoRI T7 NIBB
Ripply2 pCS/ledgerline Clal T7 Asashima M. lab
Crybbl HindIII T7 Henry J. lab
Pax6 EcoRI SP6 Lupo G. lab
HoxA11 pGMT/HoxAl1l Notl T7 Slack et al., 2001

anteroposterior body axis, mostly by
mediating posterior transformation of
the embryo (Durston et al., 1989).

Conclusion

Microarray analysis is a useful tool
to monitor the influence of a gene
upon the entire transcriptome of an
organism. However, the generated
data set is quite elaborate and
deducing pertinent trends can be a
challenging process. The information
represented in this study provides a
global view of general developmental
processes in which Pitx3 may be
involved. New genetic players have
been identified as putative Pitx3 tar-
gets in the already established eye
and brain developmental processes.
In addition, based on genes identi-
fied by the microarray, novel roles
for Pitx3 can be inferred for regula-
tion of early patterning events and
the development of the anterior—pos-
terior body axis.

EXPERIMENTAL
PROCEDURES

Embryo Collection and
Manipulation

Staging, de-jellying, and culturing of
Xenopus laevis embryos were con-
ducted as previously described
(Nieuwkoop and Faber, 1967; Dry-
sdale and Elinson, 1991). Animals
were reared and used in accordance
with University, Provincial, and Fed-

eral regulations. Fluorescently labeled
morpholinos for either control or ex-
perimental Pitx3 treatments were
injected as previously described (Khos-
rowshahian et al.,, 2005; Smoczer
et al.,, In Press). Essentially, 4.6-nl
injections were made into the animal
pole of embryos at the 1-cell stages for
RNA collection and one- or two-cell
stages for in situ hybridization.
Injected embryos were cultured in 0.3
x MBS and 2% Ficoll-400 (Sigma) at
17°C for at least 1 hr to allow healing
before being removed and allowed to
develop at 12°C in 0.1 x MBS.

RNA Preparation and
Microarray Analysis

At staged intervals, embryos were
removed for RNA isolation, lysed, and
processed in Trizol as per manufac-
turer’s instructions (Invitrogen). We
then used DNAsel to remove genomic
DNA, and ran the product over Qia-
gen RNeasy columns for purification.
RNA quality was assessed using the
Agilent 2100 Bioanalyzer (Agilent
Technologies Inc., Palo Alto, CA) and
the RNA 6000 Nano kit (Caliper Life
Sciences, Mountain View, CA).

All GeneChips were processed from
two biological replicates at the Lon-
don Regional Genomics Centre
(Robarts Research Institute, London,
Ontario, Canada; http:/www.lrgc.ca).
Biotinylated complimentary RNA
(cRNA) was prepared from 10 pg of
total RNA as per the Affymetrix Gen-
eChip Technical Analysis Manual

(Affymetrix, Santa Clara, CA). Dou-
ble-stranded ¢cDNA was synthesized
using  SuperScriptll  (Invitrogen,
Carlsbad, CA) and oligo(dT)s4 pri-
mers. Biotin-labeled ¢cRNA was pre-
pared by ¢cDNA in vitro transcription
using the BioArray High-Yield RNA
Transcript Labeling kit (Enzo Bio-
chem, New York) incorporating biotin-
ylated UTP and CTP. A total of 15 pg
of labeled cRNA was hybridized to
Xenopus laevis GeneChips for 16 hr
at 45°C as described in the Affymetrix
Technical Analysis Manual (Affyme-
trix). GeneChips were stained with
Streptavidin-Phycoerythrin, followed
by an antibody solution and a second
Streptavidin-Phycoerythrin solution,
with all liquid handling performed by
a GeneChip Fluidics Station 400.
GeneChips were scanned with the
Affymetrix GeneChip Scanner 3000
(Affymetrix).

Signal intensities for genes were
generated using GCOS1.2 (Affyme-
trix) using default values for the Sta-
tistical Expression algorithm parame-
ters and a Target Signal of 150 for all
probe sets and a Normalization Value
of 1. Normalization was performed in
GeneSpring 7.2 (Agilent Technologies
Inc., Palo Alto, CA). Data were first
transformed (measurements less than
0.01 set to 0.01) and then normalized
per chip to the 50th percentile, and
per gene to control samples for each
stage. We performed two biological
replicates and filtered the data based
upon fold change with a cut off P
value set at 0.05.

ID: manoharj | Black Lining: [ON] | Time: 21:07 | Path: N:/3b2/DVDY/Vol24109/120115/APPFile/JW-DVDY120115



T3

T4

J_ID: ZTH Customer A_ID: DVDY23836 Cadmus Art: DVDY23836 Ed. Ref. No.: 12-0073 Date: 4-August-12

Stage: Page: 1503

MICROARRAY OF PITX3 TARGETS 1503

RT-PCR

cDNA was made using Omniscript
reverse transcriptase (Qiagen) and
Oligo(dT),g primers (Sigma) from lug
total RNA for microarray confirma-
tion and from 10ul. mRNA further
isolated (GenElute Direct mRNA
Miniprep Kit; Sigma) for stage analy-
sis of novel EST sequences. RT-PCR
was performed at various annealing
temperatures and cycle numbers,
resulting in five time-points that were
ultimately graphed. A cycle at the lin-
ear phase of amplification was
selected for each gene and standar-
dized against ODC. Fold change for
microarray confirmation was deter-
mined by comparing gene amplifica-
tion of control-morpholino-treated
samples  with  Pitx3-morpholino-
treated samples. Primers and param-
eters are outline in Table 3.

Whole-Mount In Situ
Hybridization

In situ hybridizations were performed
according to established protocols
(Harland, 1991) using digoxygenin-la-
beled riboprobes. We probed genes
that were either two times up- or
down-regulated as a consequence of
Pitx3-morpholino perturbation,
deemed by the microarray analysis.
The probes used were generated from
plasmids that were either the gener-
ous gifts of colleagues, the NIBB/NIG/
NBRP Xenopus laevis EST project, or
were purchased from ATCC (see
Tables). When a probe revealed a tem-
poral and spatial expression pattern
that overlapped with the known activ-
ity of Pitx3, further in situ hybridiza-
tions were conducted on specimens
that had been unilaterally injected
with morpholino (control- or Pitx3-
morpholino) at the two-cell stage:
expression on the perturbed side
could be compared with the contralat-
eral control, and the trend predicted
by the microarray thereby confirmed.
Probes were prepared from vectors as
outlined in Table 4.

Identification of Novel Genes

Some of the most differentially
expressed but previously uncharac-
terized EST sequences were explored.
Their spatial expression pattern was

visualized by means of in situ hybrid-
ization and the temporal expression
pattern was then investigated using
RT-PCR throughout embryonic stages
of development. Varied stages were
used to determine specific develop-
mental events: unfertilized egg (E)
and stage 5 for maternal transcripts,
stage 10 (early gastrula), stage 12
(neural anlage), stage 17 (onset of
somitogenesis), stage 19 (neural
tube), stage 24 (tailbud), stage 27
(lens differentiation), stage 31 (car-
diac looping), stage 35 (blood supply;
Nieuwkoop and Faber, 1967). Phylo-
genic profiles and functional attrib-
utes were deduced wusing Blastp
searches within GenBank and homo-
log alignments using the Megalign
program of DNASTAR Lasergene 7.2.
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