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PATTERNS & PHENOTYPES

Non-canonical wnt Signals Antagonize and
Canonical wnt Signals Promote Cell
Proliferation in Early Kidney Development

Kyle E. McCoy, Xiaolan Zhou, and Peter D. Vize*

Canonical and non-canonical wnt signals often have opposed roles. In this report, we use developing Xen-
opus embryos to demonstrate a novel anti-proliferative role for non-canonical wnt signals in the very ear-
liest stages of kidney development. Non-canonical wnt signals were down-regulated using PDZ domain
mutants of dishevelled 2 and up-regulated using wild-type vang-like 2, while canonical signals were
manipulated using dominant-negative forms of lefl or treatment with lithium. When non-canonical sig-
nals are down-regulated in the developing Xenopus pronephros, cell proliferation rates increased and
when canonical signals were shutdown the opposite occurred. Treatment with lithium chloride has a
powerful pro-proliferative effect on the forming nephric primordium. Together these data show that in
addition to previously documented antagonisms between these distinct wnt signaling pathways, they also
have opposing effects on cell division. Developmental Dynamics 240:1558-1566, 2011. o 2011 Wiley-Liss, Inc.
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INTRODUCTION

Multiple wnt ligands acting by
means of canonical signaling are
essential for the reciprocal inductive
interacts patterning the mammalian
adult kidney, the metanephros, and
in its precursor organs, the pro-
nephros and mesonephros (Carroll
and McMahon, 2003; Lyons et al.,
2009). In all vertebrates, the adult
kidney develops from and uses ele-
ments of the preceding nephric
organs, which are transient, archi-
tecturally more simple versions of
the adult organ (Saxén, 1987; Vize
et al., 1997; Jones, 2005). While
their overall structure may be more
simple, the embryonic kidneys have

a similar level of physiological com-
plexity (Zhou and Vize, 2004, 2005;
Wingert et al., 2007, Wingert and
Davidson, 2008) and serve as powerful
model systems in which to explore gen-
eral processes critical to all kidney de-
velopment. In essence, the pronephros
is a single giant nephron while adult
kidneys have between thousands and
hundreds of thousands of nephrons
organized into elaborate arborized net-
works (Goodrich, 1930; Saxén, 1987,
Vize et al., 2003b).

Both canonical and non-canonical
wnt signals have been shown to
play important roles in kidney
organogenesis. Canonical wnt signa-
ling through beta-catenin-mediated

transcription plays important roles
in pronephric (Lyons et al., 2009),
mesonephric (Marose et al., 2008),
and metanephric kidney develop-
ment (Stark et al., 1994; Carroll and
McMahon, 2000; Carroll et al.,
2005). In the pronephros, canonical
signals play an essential role in the
initial specification of the kidney
primordium that gives rise to all
nephric organs (Lyons et al., 2009).
This pathway has also been shown
to participate in metanephric speci-
fication and to be involved in bal-
ancing differentiation status (Mar-
ose et al., 2008). Although the
canonical pathway has been shown
to enhance cell proliferation rates
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in other systems (e.g., Megason
and McMahon, 2002), it has not pre-
viously been demonstrated to regu-
late cell division in the kidney.

Multiple methodologies are avail-
able to selectively manipulate differ-
ent branches of the wnt signaling
pathway. The first described method
was treatment with lithium chloride
(Klein and Melton, 1996). The key ca-
nonical mediator gsk3 is inhibited by
lithium, thus promoting canonical sig-
naling. Dishevelled (dvl) participates
in all known branches of wnt signal-
ing (reviewed by van Amerongen and
Nusse, 2009), but different domain
deletions of dvl have selective differ-
ences in their effects on different sig-
naling branches. In this report, two
different domain deletions are used,
dvl2-D2/dsh-D2  which lacks the
entire PDZ domain (Rothbacher et al.,
2000) and dvi2-D4/dsh-D4/XDD1
which lacks a portion of the PDZ do-
main (Sokol, 1996; Rothbacher et al.,
2000). Dv12-D2 inhibits non-canonical
signaling but promotes canonical sig-
naling (Rothbacher et al., 2000),
although the relative efficacy of the
impacts on the different branches is
not well characterized. Dvl2-D4
appears to only inhibit non-canonical
signaling (Rothbacher et al., 2000),
although it can block exogenous ca-
nonical signaling (Sokol, 1996). Other
reagents available include neomor-
phic forms of the lefl transcription
factor that effectively block only ca-
nonical signaling (Deroo et al., 2004),
and vangl2, which only promotes non-
canonical signaling (Darken et al.,
2002). While the exact effects of these
reagents are always difficult to deter-
mine, by testing them all and corre-
lating experimental results with
these different treatments, differen-
tial effects on one branch or another
can be determined.

Non-canonical wnt signals are also
important in kidney development.
Wntll regulates branching of the ure-
teric bud (Majumdar et al., 2003; Chi
et al., 2004) and has also been impli-
cated in pronephric patterning (Tete-
lin and Jones, 2009). Wnts 4, 7b and
9b signal through both canonical and
non-canonical pathways (Lewandoski
et al., 1997; Lyons et al., 2004; Chang
et al., 2007; Karner et al., 2009; Yu
et al., 2009) and all are essential to
normal kidney development (Stark

et al., 1994; Carroll et al., 2005). Of
these, both wnts 7b and 9b have been
shown to act on the non-canonical pla-
nar cell polarity (PCP) pathway during
kidney morphogenesis where they con-
trol the orientation of cell division
planes in developing nephrons
(Karner et al., 2009; Yu et al., 2009).
As the genetic network patterning the
adult metanephros appears to be an
elaboration of that used to pattern the
embryonic pronephros (Vize et al,
1997; Jones, 2005), exploring the role
of non-canonical wnt signals in the
pronephros may lead to broad insights
into kidney development in general.

RESULTS

Roles for canonical wnt signaling in
early kidney development are well
established (e.g., Carroll and McMa-
hon, 2003). To explore the role of non-
canonical signaling in this same pro-
cess, mutant forms of dishevelled
homolog 2/dvl2 (Rothbacher et al.,
2000) were tested for their effects on
early kidney development using Xeno-
pus embryo microinjection. Two dif-
ferent mutants were overexpressed
by means of microinjection of syn-
thetic mRNA into the ventro-vegetal
blastomeres of 8- to 16-cell stage Xen-
opus embryos that are fated to form
the pronephric kidney, blastomeres
V2 and V2.2 respectively. Injected
embryos were grown to stage 40/41,
fixed, and stained with pronephric
markers. Two different stains were
used for the pronephric nephron, ei-
ther the previously described mono-
clonal 3G8 (Vize et al., 1995) or fluo-
rescein coupled Erythrina cristagalli
lectin (ECL), while antibody 4A6 was
used to stain distal tubules and pro-
nephric (Wolffian) ducts. Only one
side of an embryo was injected with
mRNA plus tracer, and the contralat-
eral side serves as an internal control.
Blocking non-canonical signaling did
not interfere with kidney specification
or patterning as antibody staining
indicated both proximal and distal
pronephric epithelial tubules were
present and in the correct place, very
unlike the effect of blocking canonical
signaling which effectively inhibits
kidney development (Lyons et al.,
2009). However, while control
embryos possessed a long, narrow
Wolffian duct running in a straight

line toward the cloaca, embryos
injected with mutant dvl2-D2 were
found to have regions with broader
than normal ducts and in some cases,
concertina-shaped ducts that mean-
der toward the cloaca (Fig. 1). More
detailed examination of lateral and
transverse views of dvl2-D2—express-
ing ducts using confocal microscopy
confirmed that these were approxi-
mately 1.5 times as wide as control
ducts, being on average 78 microns
wide while controls were 50 microns
wide (Table 1). The number of cells in
transverse sections was found to be
double the number observed in con-
trols and ducts had a clear lumen
(Table 1). This effect was observed in
41/207-injected embryos (19.8%) over
many independent experiments. An
mRNA encoding a different deletion
of the PDZ domain of dvl2, dvl2-D4
(Sokol, 1996; Rothbacher et al., 2000),
also generated wider Wolffian ducts
but at a lower frequency (20/201,
9.9%). The difference in penetrance
could be due to differences in transla-
tion efficacy or due to different
impacts on canonical/non-canonical
branches of the wnt pathway. How-
ever, as duplicated axis were never
observed, as would be expected if ei-
ther reagent were promoting canoni-
cal signaling, the most likely reason
for a common phenotype is that inhi-
bition of non-canonical signaling is re-
sponsible for the observed phenotype.
Similar defects were never observed
in control embryos or on the contra-
lateral side of mRNA-injected
embryos, or in any of the dozens of
other mRNA injection experiments
we have performed examining pro-
nephric gene function in Xenopus. As
dvl2-D2 failed to induce secondary
axes at the mRNA doses used here
(see the Experimental Procedures sec-
tion), it is extremely unlikely that any
canonical stimulation is responsible
for the observed dvl2-D2 phenotype.
Likewise, the dvl2-D2 reagent clearly
blocked non-canonical signaling, as
embryos injected into dorsal blasto-
meres failed to undergo normal con-
vergence and extension movements
and had short body axes (Supp. Fig.
S1, which is available online).

The effect of dvl2-D2 on pronephric
morphology could be caused by impact-
ing pronephric specification, cell prolif-
eration, apoptosis, morphogenesis, or a
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Fig. 1. Dominant-negative dvi2 generates Wolffian ducts that are abnormally shaped, wider, and contain more cells than control ducts. Staining
details for each technique are available in the Experimental Procedures section. A: Control embryo stained for proximal tubules in green (3G8) and
the Wolffian duct in red (4A6). B: Lateral view of control stained for proximal tubules with ECL (green) and 4A6 (red). C: DvI2-D2 mRNA-injected
pronephros. The Wolffian duct is an abnormal serpentine shape. D: Confocal maximal projection of a control duct, stained with 4A6 (red) to high-
light the pronephros and counterstained with sytox (green) for nuclei. E: Confocal maximal projection of dvi2-D2 mRNA-injected pronephros,
stained as described in D. The duct is wider and has more cells than controls. F,G: Control and dvI2-D2 mRNA-injected ducts stained with 4A6
(red) and sytox (green) then viewed in optical transverse sections. The dvi2-D2 duct contains more cells, but both have an open lumen and normal
epithelialization. pn, pronephric nephron proximal domain; pd, pronephric distal tubule and duct; cl, cloaca. Panels A through E show lateral views,
while F and G illustrate transverse views. Scale bar = 40 microns in D,E, 20 microns in F,G.
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TABLE 1. dvl2-D2 mRNA Injected Pronephroi Are Wider and Have More
Cells Than Controls

Diameter Diameter # Cells in # Cells in
(microns) (microns) transverse section transverse section

Injected

mRNA Control dvl2-D2 Control dvl2-D2

1 47 81 9 15

2 52 77 9 18

3 51 75 9 23

4 50 79

5 48 78

6 50

7 49

8 53

mean 50 78 9 18.7

TABLE 2. Pronephric Phospho-H3 Positive Cell Numbers in mRNA-Injected

Embryos

Injected mRNA Treated mean (#) Control mean (#) P (t-test)

None 11 (6) 12.2 (6) 0.3

dvl2-D2 19.6 (14) 12.4 (14) 0.029

vangl2 14.9 (11) 22.3 (11) 0.0001

lithium 29.8 (13) 11.3 (6) 0.0005

dom-neg lefl 9.1(9) 31.4 (5) 0.00001
combination of these possibilities. As tone H3  antibody treatment

apoptotic rates are extremely low in
developing pronephroi (Urban et al.,
2006) inhibition of this process is very
unlikely to generate the observed
effects so was not investigated. As
defects in morphogenesis could be
caused by earlier effects on specifica-
tion or cell division these later proc-
esses were explored first. To assay cell
division rates in early kidney primor-
dia without performing serial section-
ing of a large number of samples, it
was necessary to develop a novel
implementation of fluorescent in
situ hybridization. An effective pro-
tocol was developed by coinjecting
dvl2-D2 mRNA with an mRNA
encoding membrane bound green
fluorescent protein (GFP; RhoA-
GFP, Park et al., 2008). These
embryos were raised to stage 21/22,
when the pronephric primordium is
first forming (Vize et al., 2003a),
then fixed. Following permeabiliza-
tion, fluorescent in situ hybridiza-
tion was performed with an lhx1 or
a pax8 probe and a fluorescein tyra-
mide, followed by anti—phospho-his-

detected by means of tyramide
enhancement with Cy3-tyramide.
Finally, GFP was detected by means
of an anti-GFP antibody developed
using Cyb5.5 tyramide. Neither the
anti—phospho-histone H3 or GFP
antibodies generated sufficiently
strong signals for confocal micros-
copy unless tyramide amplifications
were performed. Following process-
ing, embryos were cleared and ana-
lyzed by means of confocal micros-
copy (Fig. 2).

For confocal scanning, embryos
were oriented in a lateral aspect
relative to the microscope objective.
All three wavelengths (fluorescein,
Cy3 and Cyb5.5) were then sampled
in the Z plane in a stack that
included the entire pronephros. The
injected side of each sample was
identified by means of GFP stain-
ing. Both injected and control stacks
were then manually scored by
scrolling through each Z stack and
scoring with phospho-H3 positive
nuclei laying within the lAxI posi-
tive pronephric primordium (Supp.

Movie S1). Images of typical results
are shown in Figure 2 and tabu-
lated phospho-H3 counts are shown
in Table 2.

A total of 14 injected primordia and
14 contralateral control primordia
were counted in stage 21/22 stage
embryos. Pronephroi from dvl2-D2
mRNA-injected embryos contained on
average 19.6 phospho-h3 positive cells
(SD = 10.44) while control pronephroi
contain 12.4 positive cells (SD =
8.88). A student’s ¢-test indicates this
difference is significant (P = 0.029;
Table 2). Analysis by means of a
Mann-Whitney U-test also indicated
a significant difference in numbers
between the two sets (P = 0.0003).
The number of positive cells in two
batches of unmanipulated control
embryos of the same stage was also
assayed and found to be similar to the
controls in mRNA injection experi-
ments, with an average of 11 and 12
dividing cells per stage 21/22 pro-
nephric primordia.

More dividing cells could be caused
by dvl2-D2 increasing the rate of cell
division in the pronephroi, or by caus-
ing more cells to adopt a pronephric
specification and the larger kidney
undergoing normal rates division per
cell. While no obvious deficiencies in
other tissues or consistent enlarge-
ment of the pronephric primordium
was observed in mRNA-injected
embryos (some differences between
the two pronephroi in an individual
is normal- for example see http:/
www.xenbase.org/common/ViewImage
ActionNonAdmin.do?imageld=112),
this does not completely exclude the
later possibility. As canonical and non-
canonical wnt signaling are antagonis-
tic in other contexts, and as canonical
signaling regulates cell proliferation in
other organs, we hypothesized that the
suppression of non-canonical signals
by means of dvl2-D2 resulted in a loss
of this antagonism and this is causing
the increase in cell proliferation in
pronephroi.

As suppression of non-canonical
signaling enhanced rates of cell divi-
sion (Table 2), the effect of enhancing
non-canonical signaling was then
tested. This was achieved by microin-
jection of vangl2 mRNA (Jenny et al.,
2003). The protocol was identical to
that of the prior experiment—
embryos were injected with vangl2
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control

dvi2-D2

Fig. 2. Microinjection of dvl2-D2 mRNA increases the number of phospho-H3 positive cells in the pronephros. Embryos were injected with dvi2-D2
plus membrane bound green fluorescent protein (GFP) mRNAs at the eight-cell stage, grown to stage 21/22, then fixed. Fluorescent in situ hybridiza-
tion (FISH) was performed in the green channel to detect the pronephros (panels A and B), tyramide enhanced immunochemistry in the red channel to
detect phospho-H3 (panels C and D), and tyramide enhanced immunochemistry to detect GFP in the far red channel (shown in blue). A,C,E,G: The
left column shows different channels (A,C,E) of a control sample with a merge of these presented in panel G. The right column shows a similar data
set for a dvI2-D2 plus GFP mRNA-injected pronephros. F,H: Due to the sequence of development some of the phospho-H3 signal also shows up in
panels E and F, but is double stained and appears as magenta in panels G and H allowing the clear distinction of phospho-H3 and GFP.

plus GFP mRNAs, grown to stage 21/
22, then fixed and stained for the pro-
nephric primordium, phospho-H3 and
the lineage tracer, then scanned using

confocal microscopy and dividing cells
within the pronephros counted man-
ually. The results are presented in
Table 2 and Figure 3. The effect of

enhancing non-canonical signaling in
the forming pronephros is the oppo-
site of suppressing this branch of the
wnt signaling pathway, and results in
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lower numbers of dividing cells (P =
0.0001).

Canonical wnt signaling was first
suppressed by means of expression of
En-R-LefN-GR744A mRNA (Deroo
et al., 2004), hereafter referred to as
dominant-negative lefl. The activity
of this neomorphic form of lefl is
under the control of a fused glucocor-
ticoid receptor ligand binding domain.
Embryos were injected into one side
(blastomere V2) with both dominant-
negative lefl and membrane bound
GFP mRNAs, then grown to stage 21
in normal medium. They were then
treated with dexamethasone to acti-
vate the neomorphic dominant-nega-
tive for 2 hr at 23°C followed by fixa-
tion and processing for [Ax1, phospho-
histone H3, and GFP as described
above. As in other experiments, the
injected side of the embryo was identi-
fied by means of the presence of the
lineage tracer, and the number of
dividing cells in the pronephros on
the injected side of the embryo com-
pared with the number on the unin-
jected side. Following confocal scor-
ing, dominant-negative lefl-injected
pronephroi were found to contain on
average only 9.1 dividing cells, while
contralateral control pronephroi had
an average of 31.4. The number of
dividing cells in uninjected proneph-
roi is higher in this experiment than
that observed in other experiments,
possibly  because dexamethasone
treatment enhances cell division
rates, or it may simply be specific to
the embryonic stage scored. The num-
ber of dividing cells was significantly
different between dominant-negative
lefl-injected and uninjected proneph-
roi (P = 0.00001; ¢-test).

Canonical wnt signaling was then
activated by means of treatment of
embryos with a pulse of lithium chlo-
ride. While nonspecific, this treat-
ment is a powerful activator of this
signaling pathway (Klein and Melton,
1996). Lithium treatment was per-
formed at stage 21/22 for 4 min, then
embryos kept for 1 hr at 23°C, fixed,
and processed to detect diving cells.
Pronephroi in control embryos had
11.3 dividing cells per pronephros
(similar to other experiments), while
lithium-treated pronephroi had 29.8
dividing cells. Once again, this differ-
ence was statistically significant (P =
0.0005, ¢t-test).

In summary, suppression of non-ca-
nonical signaling enhances division
rates in the pronephric primordium
while enhancing this pathway
decreases cell division rates. Suppres-
sion on the canonical branch has the
opposite effect and decreases prolifer-
ation rates, while lithium treatment
(which enhances canonical wnt sig-
naling) increases rates of cell division
within the forming pronephric pri-
mordium (Figs. 1-3).

DISCUSSION

Inhibiting non-canonical signaling
results in the distal segment and
Wolffian duct of the embryonic kidney
becoming wider than usual and form-
ing a serpentine duct rather than the
usual very straight morphology (Fig.
1). This unusual phenotype has not
been previously described in any
detail. The effect is restricted to the
posterior portion of the kidney, and no
effects were observed in the proximal
tubules. As different segments of the
pronephros express different wnts
and wnt receptors (e.g., Deardorff
et al., 1998), different wnt signaling
environments occur in a proximal to
distal manner, with only the distal
environment being capable of over-
proliferation in response to suppress-
ing non-canonical signaling. Intrigu-
ingly, although not discussed,
inhibition of wntllb using a secreted
dominant-negative also seems to have
this effect (see Fig. 6B, panel C in
Tetelin and Jones, 2009). This
strongly suggests that, in addition to
its role in pronephric patterning
(Tetelin and Jones, 2009), the non-ca-
nonical wnt 11b also participates in
balancing cell division rates in the
forming kidney.

Two of the tested reagents led to
increases in cell division rates in
stage 21/22 pronephroi; dvI2-D2
mRNA and lithium treatment.
Injected mRNAs have a half-life of
approximately 2 days (Vize et al.,
1991), so the mRNA injection will
generate protein and inhibit non-ca-
nonical signaling up until the time at
which embryos were fixed for analysis
and the time at which the lithium
pulse was administered. As the dvI2-
D2 mRNA and protein are present
throughout the time window in which
pronephric specification occurs

around stage 12 (Brennan et al.,
1998), this treatment could affect
either early specification or later cell
division rates. However, the short
time scale of the lithium treatment, 4
minutes plus a 60-minute recovery,
and the lateness of the treatment,
stage 22, long after specification is
complete, indicates that this lithium
regimen very likely increases cell di-
vision rates without impacting specifi-
cation. Likewise, in the dominant-
negative lefl mRNA injections, the
neomorphic protein was only acti-
vated with dexamethosone for a short
time window long after specification
is complete, and therefore tests cell
division response separate from kid-
ney patterning. As the effect on pro-
nephric cell division rates is detecta-
ble by stage 22 in dvl2-D2, dom-neg
lefl and vangl2 microinjections
impacts on cell division must occur
sometime before this. Likewise, as
lithium treatments at stage 22
strongly promoted proliferation, the
impact of wnts of cell division rates is
still in place at this time. We cannot
determine from our data how much
longer the connection between wnt
signaling and proliferation continues
beyond stage 22.

Only one of the tested reagents, the
canonical inhibiting dominant-nega-
tive lefl, suppressed cell division
rates. Together these data strongly
indicate that up-regulating canonical
signaling in the developing proneph-
ros is pro-proliferative while down-
regulating this pathway is anti-prolif-
erative. While dominant-negative pro-
teins are always capable of additional
unknown activities, the combination
of reagents used, the clear suppres-
sion of PCP by dvl-D2 and the failure
of this same reagent to induce second-
ary axes under these conditions, all
point to an involvement of non-canon-
ical signaling in the control of cell di-
vision rates and the generation of the
pronephric phenotype.

Canonical wnt signaling has been
found to promote proliferation by up-
regulating cyclin d1/cendl and cyclin
d2/cend2 and by down-regulating cell
cycle exit (Megason and McMahon,
2002). Concomitantly, G2/M progres-
sion is required for wnt receptor activ-
ity and canonical signaling (Davidson
et al., 2009) thereby setting up a posi-
tive proliferation feedback loop. Non-
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Fig. 3.

control

control

control

control

dom-neg Lefl

Inhibiting non-canonical wnt signals or promoting canonical wnt signals leads to increases in cell division, while promoting non-canonical

or suppressing canonical signals results in a decrease in division rates. Controls are shown on the left, and treated embryos on the right. The pro-
nephros is stained green by means of fluorescent in situ hybridization (FISH), dividing cells stained red by means of anti-phospho-H3, and mRNA-
injected samples identified by blue green fluorescent protein (GFP) staining in all panels. Three-dimensional scanning determined which phospho-
H3 positive cells were within pronephroi in each case (Table 2). A-F: Images show contralateral sides of the same embryos. G,H: Representative
images with average division rates were selected as both sides of each embryo received the same treatment. Scale bars = 100 microns.

canonical wnt signaling on the other
hand has not previously been
reported to have any effects on cell
division rates. The mnon-canonical

branches have been shown to have
powerful effects on cell behavior,
migration and the polarity of cell divi-
sion planes (e.g., Wallingford et al.,

2000; Tree et al., 2002; Karner et al.,
2009) but have not been shown to
directly regulate cell proliferation.
The effect of suppressing non-
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canonical signaling we describe may
well be acting indirectly on prolifera-
tion by suppressing signaling through
the canonical branch. When cell divi-
sion is promoted by suppressing non-
canonical activity, a 1.6-fold increase
is observed, while inhibiting cell divi-
sion by means of lefl results in a 3.5-
fold decrease. While this may simply
reflect a difference in the efficacy of
the two very different blocking strat-
egies and reagents, it may also be
caused by the inherent inefficiency of
inhibiting an inhibitor, versus a direct
effect on an activator.

These data demonstrate that in the
developing embryonic kidney dysre-
gulation of the non-canonical branch
of wnt signaling alters cell division
rates. Suppression of this branch
increases division rates, while
enhancement increases them. It is
also highlights another example of
the canonical branch stimulating, and
being required for, cell division. Cell
proliferation can therefore be added
to the list of antagonistic interactions
between the canonical and non-canon-
ical branches of the wnt signal trans-
duction pathway.

EXPERIMENTAL
PROCEDURES

Embryo Treatments

Xenopus laevis embryos were gener-
ated and raised using standard proto-
cols using 0.1 x MMR as the medium
(Sive et al., 2000). Lithium treat-
ments were performed by treating
stage 22 embryos with 0.15M LiCl at
room temperature for 4 min, then cul-
turing at room temperature for an
additional 60 min before fixation and
staining.

mRNA Injections

All mRNAs were generated in vitro
using SP6 polymerase as previously
described (Melton et al.,, 1984).
Construct dvl2-D2 lacks amino acids
238-331 (Rothbacher et al., 2000) and
dvl2-D4/Xdd1 lacks amino acids
296-381 (Sokol, 1996; Rothbacher
et al, 2000) of NCBI protein
NP_001084096. DvI2-D2 and dv12-D4
templates were kindly provided by J.
Wallingford (University of Texas, Aus-
tin) and were cut with No¢I and tran-
scribed with SP6 RNA polymerase.

En-R-LefN-GR744A mRNA was syn-
thesized as previously described
(Deroo et al., 2004). Vangl2 was cut
with Aspl and transcribed with SP6
RNA polymerase to generate mRNA
encoding a vangl2/GFP fusion as pre-
viously described (Jenny et al., 2003).
All mRNAs were purified by column
chromatography with Sephadex G-50
medium (Sigma S6022). Injections of
5 to 10 nl of 200 pg mRNA were per-
formed at the 8- to 16-cell stage into
blastomere V2 or V2.2 blastomeres,
respectively, (Moody, 1987) in 2% (w/
v) Ficoll 400. Two to 4 hr after injec-
tion, embryos were transferred to 0.1
x MMR and cultured at 13°C until
they reached the desired stage. For
glucocorticoid receptor-regulated con-
structs, 4 pg/ml dexamethasone
(Sigma D4902) was added to the me-
dium at stage 21/22. Embryos were
then cultured for 2 hr at room temper-
ature in the presence of dexametha-
sone, followed by fixation in MEMFA
(Sive et al., 2000) and storage in 100%
(v/v) methanol.

Tyramides and Antibodies

Fluor-coupled tyramides were synthe-
sized in-house as previously described
(Vize et al., 2009). Fluorescent in situ
hybridization was performed as
described by Gerth et al. (2005) and
Vize et al. (2009). For the lineage-
traced fluorescent in situ hybridiza-
tion (FISH)/phosphoH3 experiments,
FISH was performed against either
lhxl (GenBank NM_001090659 cut
with Xhol and transcribed with T7
RNA polymerase, Taira et al., 1994)
for stage 20-30 samples, or atplal
(GenBank U49238 cut with Smal and
transcribed with T7 RNA polymerase,
Zhou and Vize, 2004) for post-stage 30
samples then developed using a fluo-
rescein-tyramide. Embryos were sub-
sequently developed with a rabbit
anti—phospho-histone H3 polyclonal
(Millipore 06-570)/donkey anti-rab-
bit-horseradish perxidase (HRP) and
a Cy3 tyramide, followed by develop-
ment with anti-GFP-Alexa647 (Invi-
trogen A31852)/donkey anti-rabbit-
HRP and a Cy5.5 tyramide. Fluores-
cein coupled Erythrina cristagalli lec-
tin was from Vector Laboratories (FL-
1141) and used at 50 pg/ml to stain
proximal tubules.

Confocal Microscopy

Following FISH and immunofluores-
cence embryos were bleached, dehy-
drated, and cleared (Vize et al., 2009)
using methyl salicylate (Sigma
M6752). Confocal microscopy was
performed using a Leica TCS-SL
inverted confocal microscope and a
HC PL APO long working distance
10x water immersion lens. A stack of
50 overlapping sections was collected
for each pronephros, sampling in the
fluorescein isothiocyanate (FITC),
Cy3 and Cyb5.5 spectra. Stacks were
typically approximately 120 microns
thick in toto. Each image stack was
manually scanned and phospho-his-
tone H3 positive nuclei that were
within the kidney marker expression
space scored.
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