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Mutations in the homeobox transcription factor MNX1 are the major cause of dominantly inherited
sacral agenesis. Studies in model organisms revealed conserved mnx gene requirements in neuronal and
pancreatic development while Mnx activities that could explain the caudal mesoderm specific agenesis
phenotype remain elusive. Here we use the zebrafish pronephros as a simple yet genetically conserved
model for kidney formation to uncover a novel role of Mnx factors in nephron morphogenesis. Prone-
phros formation can formally be divided in four stages, the specification of nephric mesoderm from the
intermediate mesoderm (IM), growth and epithelialisation, segmentation and formation of the glo-
merular capillary tuft. Two of the three mnx genes in zebrafish are dynamically transcribed in caudal IM
in a time window that proceeds segmentation. We show that expression of one mnx gene, mnx2b, is
restricted to the pronephric lineage and that mnx2b knock-down causes proximal pronephric tubule
dilation and impaired pronephric excretion. Using expression profiling of embryos transgenic for con-
ditional activation and repression of Mnx regulated genes, we further identified irx1b as a direct target of
Mnx factors. Consistent with a repression of irx1b by Mnx factors, the transcripts of irx1b and mnx genes
are found in mutual exclusive regions in the IM, and blocking of Mnx functions results in a caudal ex-
pansion of the IM-specific irx1b expression. Finally, we find that knock-down of irx1b is sufficient to
rescue proximal pronephric tubule dilation and impaired nephron function in mnx-morpholino injected
embryos. Our data revealed a first caudal mesoderm specific requirement of Mnx factors in a non-human
system and they demonstrate that Mnx-dependent restriction of IM-specific irx1b activation is required

for the morphogenesis and function of the zebrafish pronephros.
© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

duct. Along the proximal-distal axis the tubular epithelium is
further divided into segments with specific histology and unique

The vertebrate kidney is an intermediate mesoderm (IM) de-
rived excretory organ with essential functions in blood filtration
and ion homeostasis. The common basic structural and functional
unit of all vertebrate kidneys is the nephron. It is comprised of a
proximal blood filtering glomerulus, followed by an elongated
tubular epithelium which leads distally into the terminal collecting
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functional properties such as water or ion absorption, pH regula-
tion or solute transport. Although kidney formation has been in-
tensively studied to decipher mechanisms of epithelial branching,
segmentation and boundary formation, how the tubular epithe-
lium is formed and segmented is currently not well understood.
The number of nephrons among organisms is variable with
more than a million assembled to form some mammalian meta-
nephros, while only one pair of nephrons comprises the prone-
phros in larvae of amphibians and fish. Amniote pronephros and
mesonephros are transient non-functional kidneys that are ulti-
mately replaced by the adult metanephros. In contrast blood fil-
tration and osmoregulation are already functional in the fish
pronephros. Despite the much simpler organization of the larval
kidney, comparison between mammals and model organisms such
as zebrafish suggests that pronephric and metanephric nephrons
are composed of the same cell types and their formation is

0012-1606/© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


www.sciencedirect.com/science/journal/00121606
www.elsevier.com/locate/developmentalbiology
http://dx.doi.org/10.1016/j.ydbio.2015.10.014
http://dx.doi.org/10.1016/j.ydbio.2015.10.014
http://dx.doi.org/10.1016/j.ydbio.2015.10.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2015.10.014&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2015.10.014&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ydbio.2015.10.014&domain=pdf
mailto:elisabeth.ott@uniklinik-freiburg.de
mailto:bjoern.Wendik@PERKINELMER.COM
mailto:monika.srivastava@anu.edu.au
mailto:frederic.pacho@uibk.ac.at
mailto:willi.salvenmoser@uibk.ac.at
mailto:dirk.meyer@uibk.ac.at
http://dx.doi.org/10.1016/j.ydbio.2015.10.014

102 E. Ott et al. / Developmental Biology 411 (2016) 101-114

regulated by highly conserved signaling pathways and transcrip-
tion factor networks (Drummond, 2003; Wingert and Davidson,
2008; Wingert et al., 2007). Based on the broad range of genetic,
embryological and in vivo imaging methods, we used the zebrafish
pronephric kidney as a relevant model for kidney development
and function.

Formation of the pronephros is divided in four stages, (1) spe-
cification of nephric mesoderm from the IM, (2) growth and epi-
thelialisation, (3) nephron segmentation and (4) formation of the
glomerular capillary tuft (Drummond, 2003). In zebrafish, the IM
is specified during gastrulation (6-10 h post fertilization, hpf).
With onset of somitogenesis (11 hpf), different progenitor lineages
within the IM can be distinguished based on the expression of
pronephric (pax2.1) and hematopoietic (gatal/2) specific tran-
scription factors. These cell lineages separate during gastrulation
and migrate in adjacent, non-overlapping domains between the
paraxial and lateral plate mesoderm (Drummond, 2003; Warga
et al., 2009). Between the 14 and 22 somite stage the outer pro-
nephric progenitor cells aggregate, undergo a mesenchyme-to-
epithelia transition and form the tubular epithelium of the nephric
tubule and duct (Gerlach and Wingert, 2014). At 24 hpf, segmen-
tation of the tubule is evident by the restricted expression of
various transcription factors and ion-transporters at specific
anterior-posterior positions (Serluca and Fishman, 2001; Wingert
and Davidson, 2008, 2011; Wingert et al., 2007). Finally, at 48hpf,
the glomerulus is connected to the tubules and the kidney is
functional (Drummond, 2003).

Previous studies found a requirement for transcription factors
of the Iroquois family on morphogenesis and patterning of the
vertebrate nephron. Murine Irx genes 1-3 were detected in dis-
tinct domains of the embryonic as well as adult metanephric
kidney (Heliot et al., 2013; Houweling et al., 2001; Massa et al.,
2013; Reggiani et al., 2007). While Irx1 was determined in specific
proximal and distal segment domains, Irx3 was found restricted to
posterior proximal segment domains. Consistent with conserved
requirements in nephron segmentation, loss of Irx functions in
mouse, Xenopus and zebrafish interferes with positioning and
expansion of intermediate and distal tubule segments (Alarcon
et al,, 2008; Houweling et al., 2001; Reggiani et al., 2007; Wingert
and Davidson, 2011). In zebrafish, irx3b expression during mid-
somitogenesis regulates differentiation of distal early nephron
elements and formation of the proximal segment boundary (Marra
and Wingert, 2014; Wingert and Davidson, 2011). While nephric
requirements were described predominantly for Irx3 in the con-
text of segmentation, studies in Xenopus revealed activities of Irx1
and Irx3 during two different stages of pronephros development.
In addition to functions in tubule patterning, an earlier expression
of irx1 and Irx3 was found to control size and maintenance of the
pronephric territory during early nephric specification (Alarcon
et al,, 2008).

As Irx proteins were initially found in neural tissue, their mo-
lecular mechanism of action was predominantly studied during
neuron identity determination. It was shown that Irx transcription
factors were required for neuron identity specification as well as
patterning processes in the developing neuroectoderm (Bellefroid
et al,, 1998; Bosse et al.,, 1997; Cavodeassi et al., 2001; Gomez-
Skarmeta and Modolell, 2002). The analyses on Irx function in the
spinal cord identified Irx3 as a component of a cross-repressive
transcriptional network downstream hedgehog signaling that es-
tablishes specific neural progenitor domains in the ventral neural
tube (Briscoe et al., 2000; Jessell, 2000; Muhr et al., 2001). In
particular, Irx3 was found to establish interneuron identity by the
repression of motoneuron specifying factors like Olig2 or Mnx1
(formerly called hb9 or hlxb9) (Lee et al., 2008). On the contrary, so
far there is only little insight on the non-neuronal transcriptional
regulation of Irx genes.

We here provide evidence for a direct regulation of early IM-
specific irx gene expression by Mnx factors. Mutations in the only
human mnx gene MNX1 are the major cause of the dominantly
inherited Currarino Syndrome, a severe disorder that is char-
acterized by sacral agenesis and various anorectal abnormalities
(Belloni et al., 2000; Cretolle et al., 2008; Cretolle et al., 2006;
Kochling et al., 2001; Ross et al.,, 1998). While effected tissues in
these patients are mainly of mesoderm origin, so far no evidence
for mesodermal Mnx-activities could be identified. In earlier stu-
dies the zebrafish mnx class genes mnx1 and mnx2b were shown to
transiently localize to the lateral mesoderm during early somito-
genesis (Lecaudey et al., 2005; Wendik et al., 2004). We show that
these mnx genes are expressed in distinct domains of the IM and
that mnx2b expression is restricted to the caudal pronephric me-
soderm. Further we show that timing of mnx expression coincides
with irx1b during early stages of pronephric development, while it
precedes that of irx3 expression during tubule segmentation. We
demonstrate that Mnx factors repress irx1b expression in a cell-
autonomous and translation-independent fashion and that this
repression is required to restrict irx1b activity within the IM. Using
knock-down and transgenic gain-of-function approaches we fur-
ther revealed a specific requirement of mnx2b in tubule morpho-
genesis and we show that knockdown of irx1b rescues the pro-
nephric phenotype of the mnx morpholino injection.

2. Results

2.1. Expression of mnx genes in the intermediate mesoderm during
early somite stages

In previous analyses we determined comparable and divergent
spatial and temporal expression patterns in derivatives of all three
germ layers for the three zebrafish mnx genes, mnx1, mnx2a and
mnx2b (formerly called hb9, mnr2a and mnr2b) (Wendik et al.,
2004). Expression of mnx1 and mnx2b mRNA can be observed from
10 hours post fertilization (hpf) on in the notochord as well as in
posterior endodermal cells. With onset of somitogenesis addi-
tional expression appears in lateral mesoderm domains (Fig. 1A
and D). Co-labeling with the somatic mesoderm marker paraxial
protocadherin (papc) revealed expression of both mnx genes lateral
to presomitic mesoderm in overlapping but not identical domains.
Between the 2 and 10 somite stage mnx2b expression appears in
bilateral stripes of cells parallel but not directly adjacent to papc
(Fig. 1A-C). Mnx1 expression is more dynamic. At early somite
stages, staining is found directly adjacent to that of papc (Fig. 1D).
At the 5 somite stage, the domain of mnx1 expression broadens
laterally, and at 10 somites few mnx1-positive cells localize directly
adjacent to papc, while the majority of mnx1 positive cells are
found in a more lateral position (Fig. 1E and F).

Expression of mnx1 and mnx2b correlates with the position of
the IM composed of vascular, blood and kidney progenitor cells. To
more precisely identify the mnx-positive cells within the IM, ex-
pression was compared to the pronephros marker pax2a and the
blood marker gatal by two color in situ hybridization. Expression
of mnx2b was found in pax2a positive cells but not in gatal posi-
tive cells (Fig. 1G, G’, H and H’). By contrast, the majority of mnx1
expressing cells express neither pax2a nor gatal (Fig. 11 and J', data
not shown). While the posterior mnx1 signals in 2 somite stage
embryos localize within the pax2a positive domain, mnx1 ex-
pression at more anterior positions is found medial to pax2a. At
the 5 and 10 somite stage a small portion of the mnx1 positive cells
is found directly medial to kidney progenitors (white arrow in
Fig. 1E-]) while the majority of mnx1 expression is found lateral to
or intermingled with gatal expression (black arrow in Fig. 1 J). In
summary, these results reveal kidney progenitor-restricted
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Fig. 1. Distinct expression patterns for mnx2b and mnx1 in intermediate mesoderm. (A-F) Flat-mounts of embryos co-stained for mnx genes (blue) and papc (brown).
Expression of mnx2b (A-C) and mnx1 (d-F) in the IM is present in 2 somite (A, D), 5 somite (B, E) and 10 somite stage (C,F) embryos. Black arrows point to the gatal signal,
black arrowheads indicate the lateral edge of mnx staining, white arrowheads the medial edge of mnx1 staining. Note that anterior mnx1 signals at 5 and 10 somite stage
forms a lateral (black arrowhead) and a medial stripe (white arrowhead). Yellow boxes indicate positions of higher resolution images shown in G-J. (G-J) Double-ISH
stainings for mnx genes (blue) with intermediate mesoderm markers (red) for nephrogenic (pax2.1; G-1) and hematopoietic cell lineages (gatal; J, J'). Shown are brightfield
(G, H) and fluorescence images (G'-J'). Mnx2b expression is excluded from gatal labeled hematopoietic regions (arrow in G, G’), but completely overlaps with the pronephric
marker pax2.1 (H, H’). In contrast, mnx1 signals are flanking or intermingled with signals for pax2.1 (2 somite stage; I, I') and gatal (10 somite stage, ], ]').

expression of mnx2b and distinct expression of mnx1 pre-
dominantly in pax2a/gatal double negative IM cells.

2.2. Normal tubule segmentation in embryos with increased and
reduced mnx activities

The temporal restriction of mnx2b expression in the pronephric
mesoderm correlates with potential functions in pronephric tu-
bule specification, segmentation or epithelialisation. To determine
whether mnx genes are required for tubule formation, we used
mnx-morpholino knock-down (for details see Section 4) and
transgenic gain- and loss-of-function approaches. Analyses of
pax2a expression in 24hpf mnx1/mnx2b single or double knock-
down embryos showed no significant defects in pronephros spe-
cification (data not shown). To determine defects in tubule seg-
mentation, knock-down embryos were stained at 2 days post
fertilization (dpf) with markers for the proximal convoluted tubule
(PCT: slc20ala), the proximal straight tubule (PST: trpm7), as well
as the distal early (DE: slc12a1) and late (DL: slc12a3) domains (Fig.
S1A-D). All pronephric segment markers tested were present in
mnx1/mnx2b single or double knockdown embryos and their po-
sitioning in relation to the somite boundaries was similar to con-
trol animals (Fig. S1TE-H). Measurement of signal lengths also re-
vealed no significant changes in morpholino-injected embryos
(Fig. S1Q). In an alternative approach to determine Mnx activities

in tubule segmentation, we used transgenic fish lines that produce
a conditional induction of Mnx1 (tg[hsp:mnx1;hsp:YFP]) alone or a
fusion protein of Mnx1 with the viral transactivation domain VP16
(tg[hsp:mnx1-VP16;hsp:YFP]), under the control of a heat-shock
promoter (hsp70) (Fig. S2). Based on the reported transcription-
repressing activities of Mnx proteins (Broihier and Skeath, 2002;
Lee et al., 2008; Thaler et al., 1999; William et al., 2003), the in-
duction of mnx1-VP16 in Tg(hsp:mnx1-VP16;hsp:YFP) should coun-
teract endogenous Mnx activities by activating target gene ex-
pression, while induction of mnx1 in Tg(hsp:mnx1;hsp:YFP) was
expected to further decrease target gene expression. 2dpf trans-
genic embryos heat-activated at the onset of IM-specific mnx ex-
pression (1-2 somite stage) revealed slightly shortened expression
domains for slc20ala, trpm?7, slc12al and slc12a3 as compared to
YFP-negative sibling control embryos (Fig. S11-P). However, the
reduced signal correlated with a general reduction of body length
of the mnx1 and mnx1-VP16-expressing animals, indicating that
segment patterning is normal in these embryos (Fig. S1R). To-
gether, this shows that pronephric tubule induction and segmen-
tation occurred independently of mnx gene activities.

2.3. Specific requirement of mnx2b in pronephros morphogenesis
and function

As timing of mnx gene expression also correlates with nephric
duct epithelialization, we further compared duct morphology of
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Fig. 2. Mnx2b knock down causes proximal pronephric tubule dilation and excretion defects. (A, B) Lateral views of 4dpf Tg(cldnb:lynGFP) control (A) and mnx1/mnx2b
morpholino injected embryos (single plane confocal image, proximal tubule is indicated by white arrowheads). (C-F) Dorsal views of proximal tubule segments (C, D) as well
as proximal to distal transition domains (E, F) in 2dpf Tg(cldnb:lynGFP) control (I, J) and morpholino injected embryos. (G) Tubule width in control, single and combined
morpholino injected embryos at 4dpf. (H, I) Excretion of rhodamine dextran after injection into the common cardinal vein in controls (H, H') and mnx-morphant (I, I') Tg
(cldnb:lynEGFP) embryos at 3dpf (lateral view, white arrows indicate position of duct lumen). 92% of controls showed excretion 5min after injection, compared to only 35% of

Mo-mnx injected embryos (P).

control and mnx1/mnx2b morphant embryos. To better visualize
the ducts, we injected corresponding morpholinos into Tg
(-8cldnb.1:lynEGFP)¥1% transgenic embryos in which all epithelia
are labeled by membrane tagged EGFP (Haas and Gilmour, 2006).
At 4 dpf, morpholino injected embryos displayed severely en-
larged tubule width as compared to control embryos (Fig. 2A and

B). Remarkably, the tubule dilations in morphant embryos were
restricted to proximal domains, while distal segments appeared
unaffected (Fig. 2C-F). Specificity of dilation defects to the loss of
mnx2b-activity was confirmed by a second non-overlapping
mnx2b-specific morpholino (Fig. S3).

To determine individual roles of mnx genes, tubule diameter
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were further measured in single morpholino injected Tg(-8cldnb.1:
lynEGFP)zf106 embryos (Fig. 2G, Fig. S3A). Embryos injected with
mnx1 morpholino showed no obvious changes in proximal straight
tubule diameter at 4 dpf (21.8 pm, n=10) when compared to
control embryos (20.5 pm, n=8). Differently, tubule width was
significantly increased in mnx2b morphant (42 pm, n=25) and in
mnx1/mnx2b double morphant embryos (43 pm, n=12). Notably,
the combined knockdown of both mnx genes had no aggravating
effect on the tubule width phenotype as compared to mnx2b
morphants.

To further examine if the tubule dilation observed in mnx
morphants correlates with impaired kidney function, we used a
previously described method for analysis of fluid excretion (Kra-
mer-Zucker et al., 2005). Rhodamin-dextran was injected into the
common cardinal vein of control and mnx-morphant Tg(-8cldnb.1:
lynEGFP)zf106 embryos at 3.5 dpf and excretion was monitored by
fluorescence microscopy. While 92% of uninjected (n=25) and

control morpholino injected embryos (n=23) showed fluid ex-
cretion roughly 5 minutes after fluorescent label injection, in 65%
of mnx morphants we did not observe exrection after 5 min and
59% of the embryos showed no excretion after 20 min (n=56)
(Fig. 2H-]).

In conclusion the data reveal a specific requirement of mnx2b
but not mnx1 pronephric duct morphogenesis and function.

2.4. Mnx-morphants display defects in cilia arrangement and apical
microvilli morphology

Tubule dilation has been associated with a wide range of causes
within but also outside the nephron (Vasilyev et al., 2009; Gerlach
and Wingert, 2014). Reduced excretion can depend on changes in
heart or glomerular functionality. However, mnx2b morphant
embryos had a normal heart beat rate, no heart edema were ob-
served (Fig. S3B-D) and glomerular histology appeared normal

wildtype

mnx-morphant

| tubule

proxima

dist. tub.

cldnb:GFP/

N

cldnb:GFP/

Fig. 3. Mnx knockdown causes defects in tubular cilia arrangement and epithelial morphology. (A, B) Single plane confocal images showing tubule cilia stained by anti-
actelytaled tubulin (red). Shown are lateral views of proximal tubules of control (A, A’) and mnx-morpholino injected Tg(cldnb:lynGFP) embryos (B, B) (C-F) Transverse TEM
sections of proximal tubules in control (C, D) and mnx-morpholino embryos (E, F). Note disorganized microvilli structures after mnx gene knockdown (scale bars correspond
to 5 um (C, E) and 2 um (D, F)). (G-]) Transverse sections of proximal tubules in control and mnx morphant embryos at 2dpf. Staining of baso-lateral surface directed alpha6F
(G, H) and apically located Phalloidin (I, J) displayed similar expression patterns in control and MO-mnx. (K, L) Single plane confocal images of distal tubules stained for
Phalloidin (red, ventral view). White arrows indicate displaced epithelial cells with unpolarized Phalloidin signals.
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(Fig. S4). Previous studies demonstrated that excretion defects are
primarily caused by defects in ciliogenesis or ciliary function
(Kramer-Zucker et al., 2005; Zhao and Malicki, 2007). To test if
ciliated cells are specified in mnx-morphants, 2 dpf embryos were
analyzed for trpm7 and shippol/odf3b mRNA which label mono-
ciliated and multi-ciliated cells, respectively. Whole mount stains
revealed indistinguishable patterns of trpm7 expression and a
slightly different pattern but unaffected number of shippo1/odf3b
positive cells in mnx-morphant embryos (on average 46 cells; Fig.
S5). To determine if cilia formation itself is affected by the
knockdown of mnx genes, 4 dpf embryos were further examined
with an antibody directed against acetylated tubulin. In control
embryos acetylated tubulin labeled cilia arranged in a dense band
within the pronephric lumen (Fig. 3A). While cilia bundles were
also present in mnx morphants, their extensions into the dilated
pronephric lumen appeared somewhat disorganized (Fig. 3B). To
determine whether misorientation of cilia is caused by defective
cilia motility, we performed short time-lapse movies on proximal
tubule regions of control and mnx knockdown embryos. This ex-
periment showed beating cilia in mnx morphants, although the
available resolution did not allow interpretation of effects on cilia
beat rate (data not shown). To further exclude cilia defects in mnx
morphant embryos, sections of 2 dpf control and mnx morphant
proximal tubules were investigated by transmission electron mi-
croscopy (TEM, Fig. 3C-F). These analyses revealed normal 9+2
ciliary architecture in mnx morpholino injected embryos (Fig. S6).
In conclusion this suggests that neither the formation of specific
ciliated cell types nor functionality of cilia itself is affected by a loss
of mnx functions.

In the TEM analyses we recognized deformed and disorganized

A

mnx1-VP16 induced up-regulation
of homeobox factors
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2
1.5 1
14
0.5 4

-

<

i~

g

hsp:mnx1

fold change (log2)
o
dbx1a 1_
dmbx1a
gsx2
hhex I
hmx2a I
hmx3
ix1a I
irx7 I
msxb I
msxe N
nkx2.7 IR
six2.1 I

irx1b

@
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microvilli structures at the apical side of dilated tubules (Fig. 3C’
and F’). To test if the abnormal microvilli organization might be
caused by defects in cell polarity we labeled embryos with Phal-
loidin and alpha6F antibodies to mark apical actin and basolateral
localized Na*/K* ATPase.

Transverse sections of dilated tubules in mnx morpholino-in-
jected embryos showed disturbed epithelial cell compaction but in
general proper apical and basal localization of Phalloidin-bound
actin and alpha6F labeled Na* /K* ATPase, respectively (Fig. 3G-]
"). However, when we closely examined Phalloidin staining in the
more distal located tubules of morpholino-injected embryos, we
noticed cells with an atypical actin-pattern that localized within
the tubule lumen (Fig. 3K and L). The data suggest that the tubule
dilation in mnx morphants is not caused by polarity defects in the
dilated proximal segment itself, but could instead be an indirect
consequence of lumen occlusion in the distal tubule.

2.5. Mnx transcriptional repressors regulate expression of iroquois
gene irx1b

Given our findings of a functional role for Mnx2b in the zeb-
rafish kidney, we approached to determine downstream signaling
factors in pronephric mesoderm development. To identify Mnx
target genes we took advantage of the predicted complementary
regulation of Mnx-targets in Tg(hsp:mnx1;hsp:YFP) and Tg(hsp:
mnx1-VP16;hsp:YFP). By microarray based transcriptome compar-
ison of mnx1-vp16 induced to wildtype animals we identified 44
transcription factors with at least 1.5-fold change in expression
level (p val. < 0.05; Supp. Table S1). Only 16 of these genes showed
the expected upregulation by mnx1-VP16, indicating a large

mnx1-VP16 caused down-regulation
of homeobox factors
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Fig. 4. Mnx1 negatively regulates irx1b expression. Microarray analysis identified differential expression of homeobox-containing genes in mnx1-VP16 induced animals
compared to wild type controls. Genes attributed with the GO terms transcription regulation and homeobox that have increased expression in mnx1-VP16 animals are
indicated (note that the robust mnx1 induction corresponds to the induced mnx1-VP16 transcripts). Shown are genes with > 1.5 fold increase or reduction in expression after
mnx1-VP16 activation (A). Of three identified irx family genes, irx1b showed the highest change in expression (labeled in green). Whole mount in situ hybridization for irx1b
in wild type controls (B), mnx1 induced (C) and mnx1-VP16 induced (D) embryos, dorsal view. Negative regulation of irx1b through Mnx1 was further confirmed in qPCR

analysis (E; p val <0.05 (*), <0.001 (***)).
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Fig. 5. Direct transcriptional repression of irx1b through Mnx factors. Outline of the transplantation experiment. Mnx1VP16 embryos are injected with fluorescein dextran at
the 1-cell stage. Fluorescein positive cells are transplanted into wt embryos during shield stage. Embryos are fixed 2h after 1h inductive heat-activation and analysed for
fluorescein and irx1b expression (A). Transplanted transgenic cells ectopically express irx1b (B, B’). Lateral view of irx1b stained wt embryos is shown (C) and after CHX
treatment (D). Irx1b expression is similarly induced in mnx1-VP16 expressing embryos (E, F), and similarly reduced in mnx1 overexpressing embryos (G, H) without or with
CHX, respectively.
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fraction of indirectly regulated target genes. However, among the
mnx1-VP16 induced genes were members of the Iroquois tran-
scription factor family with previously described crucial roles in
kidney development (Fig. 4A and Supp. Table S1) (Alarcon et al.,
2008; Cheng et al., 2007; Lecaudey et al., 2005; Rodriguez-Seguel
et al,, 2009; Stedman et al., 2009; Wingert and Davidson, 2011). In
particular, the array analyses revealed minor mnx1-VP16 induction
for irx1a and irx7, and a very prominent induction for irx1b (3.3
fold induced expression in activated animals compared to wild
type controls, Fig. 4A and Supp. Table S1). Regulation of irx genes
was further analysed by quantitative reverse transcriptase PCR
(qPCR) analysis and whole mount in situ analyses of 12 hpf em-
bryos heat-treated at 10 hpf. The qPCR studies confirmed a 3.7 fold
reduction of irx1b mRNA in mnx1 induced animals and a 3.3 fold
increase in mnx1-VP16 activated animals (Fig. 4E). Whole mount
stains revealed a complete loss of intermediate mesoderm-specific
irx1b expression in mnx1 induced embryos, while induction of
mnx1-VP16 under the same conditions resulted in robust irx1b
signals, specifically in intermediate mesoderm and in the nervous
system (Fig. 4B-D).

To test for a potential cell-autonomous regulation of irx1b by
Mnx-factors, we generated embryos with a mosaic activation
pattern of either mnx1-VP16 or mnx2b-VP16 by using cell trans-
plantation and DNA-injection, respectively. Transplantations were
using fluorescein-Dextran injected Tg(hsp:mnx1-VP16;hsp:YFP)
embryos as traceable donors and wildtype embryos as hosts
(schematic Fig. 5A). Chimeric embryos that were heat-treated at
12 hpf and fixed at 14 hpf showed strongest irx1b mRNA signals
specifically in transplanted fluorescein labeled cells (Fig. 5B). Si-
milarly, ectopic irx1b induction was also observed in embryos in-
jected with the Mnx2b-VP16 expression plasmid pCS2-Mnx2b-
VP16 (Fig. S7). While most of the Mnx1-VP16 and Mnx2b-Vp16
induced irx1b signals were detected in the nervous system, the
results revealed similar cell-autonomous effects of both Mnx fac-
tors. The data are consistent with either a direct regulation of irx1b
through Mnx factors or with an indirect regulation through tran-
scriptional activators acting downstream of Mnx-VP16. If the
regulation is direct, then irx1b induction by Mnx1-VP16 would not
be inhibited by the translation blocking agent cycloheximide

(CHX). Consistent with this, addition of CHX to Mnx1-VP16 in-
duced embryos shortly after heat-shock treatment at 10 hpf did
not prevent irx1b induction (Fig. 5C-F) or irx1b repression in
Mnx1-induced embryos (Fig. 5G and H). These results strongly
suggest that irx1b transcription is directly repressed by Mnx pro-
teins and that Mnx/irx1b interactions are not restricted to inter-
mediate mesoderm but are also relevant in other tissues including
the nervous system.

2.6. Complementary IM-specific expression on irx1b and mnx genes

To determine potential interactions of mnx and irx genes in
pronephros formation in more detail we performed expression
analyses of zebrafish irx genes. Notably, only irx1 and irx3 genes
were expressed in the developing pronephros. Our analyses con-
firmed the previously shown pronephric expression of irx1a and
irx3b at 15-20 hpf (Fig. S8) (Lecaudey et al., 2005; Wingert and
Davidson, 2011). In addition, they revealed IM specific irx1b tran-
scription between 11 and 16 hpf (Fig. S9). Comparison of irx1b and
mnx signals in embyros that were co-stained with the muscle
marker myoD further revealed mainly non-overlapping expression
of irx1b and mnx genes in IM flanking anterior and posterior so-
mites, respectively (Fig. S9). Specificity of these signals to pro-
nephric mesoderm was confirmed by the overlap of irx1b signals
with pax2a expression (Fig. 6 A). This temporarily overlapping but
spatially complementary localization of irx1b and mnx is con-
sistent with a cross-repressive interaction between Mnx and Irx
factors within the pronephric IM. To further examine if Mnx fac-
tors are required to restrict irx1b expression, we determined irx1b
mRNA expression in embryos injected with mnx1 and mnx2b
morpholinos either alone or in combination at the 8 somite stage.
In all mnx knockdown experiments we observed a posterior ex-
pansion of irx1b signals within the IM (Fig. 6B and C). The mea-
surement of the distance from the tailbud to the level of the
posterior end of irx1b expression revealed expansion of 60 um in
mnx1 morphants, 90 um in mnx2b morphants and 180 pm in mnx
morphant embryos (Fig. 6D).

The complementary experiment, analysis of mnx expression in
irxlb morphant embryos, revealed no obvious changes in IM

250 1
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Fig. 6. Mnx gene knockdown results in posteriorly expanded expression of irx1b. Flat-mount views of wild type and morpholino-injected embryos. Double-ISH analysis for
either mnx2b or irx1b (blue) and pax2.1 (brown) shows localization within the nephric mesoderm at the 5som stage (A). Mesoderm expression of irx1b at the 8som stage is
posteriorly expanded in mnx morphant embryos (C) compared to controls (B). Arrowheads point to posterior end of irx1b signals. Measurements of the distance from the
posterior end of irx1b signals to the tail-bud are presented for single and double morpholino injected embryos (D).
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Fig. 7. Knockdown of irx1b in mnx morphants partially rescues pronephric phenotypes. Shown is a lateral view of Acetylated tubulin stained Tg(cldnb:lynEGFP) embryos that
were injected with Mo-mnx alone (A, A’) or in combination with Mo-irx1b (B, B’). Measurement of tubule widths shows partial rescue of the MO-mnx phenotype in the
combination mnx/irx1b double knockdown (C). Excretory defects in Mo-mnx injected embryos are rescued by additional irx1b knockdown (D). TEM sections of embryos co-
injected for mnx and irx1b morpholinos demonstrate reduced pronephric tubule width and restored morphology of microvilli (E, E’; Scale bars correspond to 5 and 2 pm,
respectively).

specific expression of mnx1 and mnx2b. However, due to strong expression in the posterior mesoderm.

pleiotrophic effects of irx1b morpholino injections, only embryos

injected with lower irx1b morpholino amounts enabled efficient 2.7. irx1b knock down partially rescues kidney defects in mnx
staging through myoD labeled somites (data not shown). In sum- morphants

mary, our results show that Mnx factors repress IM specific irx1b

transcription and that this activity restricts the extent of irx1b The data reveal a correlation between pronephric tubule
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defects and posterior expansion of mesodermal irx1b signals in
mnx morpholino injected embryos. If the kidney defects are
caused by expanded irx1b expression, the knockdown of irx1b in
mnx morpholino injected embryos should rescue the phenotypical
defects. Indeed, tubules of embryos co-injected with irx1b and mnx
morpholinos displayed reduced lumen diameter (Fig. 7A and B)
and a more compact cilia organization (Fig. 7A’ and B’) as com-
pared to the mnx morphants. Measurement of proximal tubule
widths at 4 dpf confirmed a significantly reduced tubule diameter
(34.5 pm, n=10) in mnx/irx double morphants as compared to mnx
morpholino injected embryos (43 um, n=10) (Fig. 7C). In addition,
63% (n=46) of the mnx/irx1b double morphants showed urinary
excretion while this was seen in only 35% of the mnx morpholino
injected embryos (Fig. 7D, Fig. S10). Further TEM sections of Mo-
mnx/irx1b injected embryos demonstrated restored morphology of
luminal microvilli (Fig. 7E and E’). These data suggest that ex-
panded irx1b expression in ventral IM domains is the major cause
for the Mo-mnx induced kidney phenotypes.

3. Summary and discussion

Our analyses in the model organism zebrafish reveal a novel
interaction and requirement for Mnx and Irx transcription factors
during early nephrogenesis. We found that irx1b and the mnx
genes mnx1 and mnx2b are expressed in mutually exclusive do-
mains of the IM which later form the pronephric tubule. Using
gain and loss of function approaches we showed that this dis-
tribution results from repression of irx1b by Mnx1 and Mnx2b and
we provide evidence for a direct repression. We further show that
restriction of irx1b expression by Mnx2b is required for normal
tubule morphogenesis and proper nephron function.

3.1. Potential functions of Mnx1 in the mammalian kidney

Mutations of MNX1 in humans were identified as the main
cause of the Currarino syndrome, a congenital disease associated
with sacral dysgenesis, anorectal malformations and presacral
tumors (Cretolle et al., 2006; Kochling et al., 2001; Lynch et al.,
2000). These main symptoms are often accompanied by renal and
gynecological malformations. The most common urogenital de-
fects in Currarino syndrome patients are vesico-ureteral reflux,
hydronephrosis and horseshoe kidneys (Colapinto et al., 2003;
Currarino et al., 1981; Iyer and Khanna, 2010).

Initial studies on MNX1 identified functions in the regulation of
progenitor cells into mature hematopoietic cells (Deguchi and
Kehrl, 1991; Harrison et al., 1994). Increased MNX1 levels in acute
leukemia patients indicated a contribution to leukemogenesis
(Deguchi et al., 1993). The identification of MNX1 regulated genes
that are associated with leukemic processes further strengthened
this hypothesis (Wildenhain et al., 2012). Recent studies de-
termined elevated MNX1 levels also in other tumors including
colorectal or hepatocellular cancers, suggesting a tumor sup-
pressor function for MNX1 (Cretolle et al., 2008; Hollington et al.,
2004; Wilkens et al., 2011). Noteworthy, we found that mnx1 ex-
pression during zebrafish somitogenesis is not overlapping but
adjacent to the nephric mesoderm. After random integration of a
Mnx1 promoter regulated GFP in mice, Mnx1 was localized within
a subset of microvascular blood vessels (Pickles et al., 2013). These
studies explicitly demonstrated how important it will be to ad-
dress the potential roles of MNX1 in endothelial cells and vascu-
logenesis in greater detail.

In animal models, functional studies on Mnx1 so far mainly
focused on its requirement for the differentiation of endocrine
pancreatic progenitors and motor neurons (Broihier and Skeath,
2002; Dalgin et al., 2011; Eisen, 1999; Harrison et al., 1999; Li et al.,

1999; Seredick et al., 2012; Thaler et al., 1999; Wendik et al., 2004).
Little is however known on the molecular functions of Mnx1 in
mesoderm derived tissues. The detection of Mnx1 in the tailbud of
Xenopus embryos at tadpole stages supported the consideration
for a role of Mnx1 in sacrum formation (Ross et al., 1998; Saha
et al., 1997). Neural tube defects in caudal agenesis were shown to
be restricted to posterior regions (Catala, 2002). However, contrary
to presumptions mice mutant for Mnx1 did not show apparent
skeletal truncations. It is still unclear, if the lack of caudal defects
in the Mnx1 mutant mice results from differences in gene function
between human and mice or if the mutations in humans are
caused by gain instead of loss of function defects (Catala, 2002).

Despite the frequent observation of renal malformations in
Currarino syndrome patients, potential Mnx1 functions in the
mammalian kidney were not addressed so far. While the analyses
of Mnx1 mutant mice revealed no evidence for kidney specific
requirements, detailed expression analyses localized low level of
Mnx1 transcripts in the lower urinary tract (Brunskill et al., 2008).
Characterization of a cre-reporter mouse localized Mnx1 in em-
bryonic and adult kidney tissue (jaxmice.jax.org). We here show
that zebrafish mnx2b localizes to the nephric mesoderm during
somite stages. The striking similarities in the genetic control of the
pronephric and metanephric kidney suggest that Mnx activities
might be conserved from lower to higher organisms.

3.2. Mnx knockdown results in anterior tubule dilation, cilia disar-
rangement and impaired excretion

Functional blood filtrating nephrons in zebrafish consisting of
glomerulus, tubular elements and collecting duct are formed by 48
hpf (Drummond, 2000; Gerlach and Wingert, 2013). Dysfunctions
leading to pronephric tubule dilations are mainly caused by ciliary
or glomerular filtration defects (Kramer-Zucker et al., 2005; Sul-
livan-Brown et al., 2008; Zhang et al., 2012). Intriguingly, in mnx
morphants cilia arrangement was disorganized in dilated proximal
tubule segments and we observed reduced solute excretion.
Comparison of beating cilia to control animals showed that func-
tion of remaining cilia was not disrupted in mnx morphants (data
not shown). Further, the normal patterns of mono- and multi-ci-
liated cell markers in the morphants suggest that neither differ-
entiation nor positioning of ciliated cell types is affected. These
results indicated that the defects in cilia arrangement were rather
a consequence than the cause of the pronephric phenotype.

3.3. Pronephric tubule occlusion as a prospective cause of the mnx
morphant phenotype?

Pronephric growth and tubule convolution require anterior cell
migration and posterior proliferation events. Around 30hpf fluid
flow initiates pronephric cell migration and subsequently prox-
imal tubules are shortened and convoluted. Occlusion of anterior
tubules results in a loss of distally located cell migration and re-
duced proliferation, while distal tubule obstructions lead to in-
creased cell proliferation and luminal distension (Vasilyev et al.,
2012). It was further shown that cell migration induced pro-
liferation in distal tubule segments depends on PI3K and also
CDK4/Cyclin D1 signaling (Vasilyev et al., 2012). The observation of
less distinct convolution in mnx morphant pronephros suggested
that cell migration was reduced in embryos exhibiting impaired
fluid flow. A role for PI3K signaling in Mnx functions is not known
so far.

Knockdown of the zebrafish polycystin2 (pkd2) gene was asso-
ciated with occlusion dependent pronephric cyst formation (Obara
et al,, 2006). Pkd2 morphants exhibit defects similar to mnx mor-
phant embryos with proximal tubule dilations and disturbed urine
excretion. Cilia morphogenesis and beat rate are not affected by
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the knockdown of pkd2. Instead, the proximal tubule dilations are
caused by occlusions in posterior tubule segments. Mechanical
obstruction of the pronephros was further shown to cause cystic
dilations only in anterior tubules and not in distal located tubules
or the collecting duct (Kramer-Zucker et al., 2005). Based on these
studies, we presume that the tubule dilations in mnx morphants
are caused by obstructions in distal epithelia. In our microarray
based identification of Mnx targets no differential expression of
pkd genes was observed (data not shown), indicating that Mnx
actions occur independent or downstream of Pkd signaling. Ana-
lysis of mutant fish lines that presented pronephric tubule dila-
tions with different effects on cilia motility indicated the presence
of various mechanisms that lead to cyst formation (Sullivan-Brown
et al., 2008). Although changes in ciliary function and epithelial
polarization were discovered in these mutant lines, so far there is
only limited knowledge on the mechanisms causing the tubule
dilations. The observation of morphologic alterations at the tran-
sition of dilated proximal to unaffected distal tubule segments
promotes the idea of a tubule occlusion after mnx knockdown.
Within these nephron areas we observed malformations in epi-
thelial cell compaction. TEM analysis further supported a defect in
actin filament derived microvilli formation. These apical domains
are formed during polarization processes in epithelial cells and
function in multiple cellular processes like glucose transport reg-
ulation, ion channel regulation and membrane potential modula-
tion (Lange, 2011; Mitra et al., 2012; Raschperger et al., 2008).

Through transcriptome comparison of conditional active and
negative Mnx1 transgenic zebrafish we identified the Iroquois
homologue irx1b as Mnx1 target. As knock-down of the iroquois
homologue irx1b in mnx morphants could significantly reduce the
morphological defects and restore microvilli structures, it is likely
that the ventral mesoderm repression of irx1b is required for actin
related cell compaction processes.

3.4. Kidney formation requires restriction of irx1b in posterior me-
soderm domains by Mnx factors

Inhibitory interactions between MNX and IRX homeobox fac-
tors have been reported for neural progenitor cells, where IRX
factors block Mnx genes to promote interneuron cell fates (Lee
et al., 2004). Recent reports further associated Irx/irx class genes
with pronephric cell specification and tubule segmentation. These
activities were predominantly associated with Irx3, but lately there
was also indication for a role of Irx1 in these processes (Alarcon
et al., 2008; Houweling et al., 2001; Reggiani et al., 2007; Wingert
and Davidson, 2011). In xenopus independent Irx functions at early
and late stages of kidney formation were described. While early
Irx1 and 3 signals affected the entire pronephric field, later signals
are restricted to intermediate tubule development (Alarcon et al.,
2008). Loss of function studies demonstrated a more prominent
role to Xiro3/irx3 (Alarcon et al., 2008; Reggiani et al., 2007). Stu-
dies in fish could determine related functions to the irx homologue
irx3b, which was shown to be essential during segmentation
processes (Wingert and Davidson, 2011). The knockdown of irx3b
in zebrafish causes expansion of proximal segments at expense of
the distal early segment (Wingert and Davidson, 2011).

Our analyses located the previously found expression of mnx
genes in ventral mesoderm domains within the pronephric cell
lineage anlage. Further we found that mesoderm expression of
mnx genes coincides with that of irx1b, while irx1a expression was
observed within the pronephric mesoderm at comparable stages
as irx3b. This suggests that irx1a functions are related to the pre-
viously described Xiro1 functions in pronephros segmentation.
Therefore, our data demonstrate a requirement for the irxl
homologue irx1b in nephrogenesis that precedes irx3b functions.

In our experiments, the repressive activity of Mnx factors

predominantly affected irx1b. Remarkably, during somitogenesis
mnx and irx1b gene expression was detected in mutual exclusive
domains of the IM, with irx1b located anterior to mnx genes. We
show that within the nephric mesoderm Mnx factors prevent
zebrafish irx1b expansion from anterior into posterior domains.
Furthermore, the induced irx1b activity after a loss of Mnx func-
tion was found to cause proximal tubule dilation and impaired
urinary excretion.

Although initial studies on Mnx and Irx interactions suggested
a cross-repressive action, irx1b knockdown did not cause anterior
expansion of mnx signals within the IM. Therefore Irx1b seems to
be either dispensable or not sufficient to regulate IM specific mnx
expression.

In agreement with previous studies, Irx1 expression was found
in the murine metanephros and lower urinary tract (Reggiani
et al,, 2007). The localization of both, Mnx and Irx genes, within the
genito-urinary tract of mice further strengthens the idea that the
identified mnx-irx interaction is not restricted to the simple zeb-
rafish pronephros, but is a conserved feature also in the more
complex meso- and metanephros in higher mammals. In conclu-
sion, our analyses provide new clues on the molecular interaction
between Mnx and Irx factors and provide a first hint for a meso-
derm specific molecular role of the Currarino syndrome factor
MNX1.

4. Material and methods
4.1. Transgenic fish lines

Zebrafish (Danio rerio) were raised under standard conditions
at 28 °C. AB and TU wild-type strains were used and staged ac-
cording to Kimmel et al. (1995).

The following lines were used for heat-shock experiments: Tg
(hsp70:mnx1_hsp70:YFP), Tg(hsp70:mnx1-VP16_hsp70:YFP). These
lines were obtained by injection of hsp70:mnx1_hsp70:YFP or
hsp70:mnx1VP16_hsp70:YFP constructs into wildtype embryos at
the 1-cell stage. Positive integration of the constructs was tested
via heatshock-induced YFP expression and confirmed by ubiqui-
tous induction of mnx1 expression in whole mount in situ hy-
bridization experiments. The Tg(-8cldnb.1:lynEGFP)zf106 line was
used for in vivo marking of epithelial structures (Haas and Gilmour,
2006).

4.2. Morpholino injections

Morpholino oligonucleotides (MO) were synthesized by Gene
Tools, diluted at a stock concentration of 2 mM (~ 16 ng/ul) in H20
and stored at —20 °C. Dilutions of 1.5-4 ng/ul of morpholino was
injected into one-cell stage embryos. For generating double mnx
morphants, the concentration of individual morpholinos was
halved to keep the total amount of morpholino injected the same
as for single morphants. The following antisense morpholinos
were used (numbers indicate position relative to underlined start
codons).

mnx1: Mo-mnx1 (-8 to +17: TTTTTA-
GATTTCTCCATCTGGCCCA); mnx2b: mnx2b-MO (M2b_atgMo2) (-1
to +24: CCTGAAGTTCTTTGACTTTTCCATT, Mo-mnr2b2 (MO™2b)
(-27 to -2: GACTTTTCCATTGCAACACTTTTGT) (Wendik et al., 2004);
irx1b: Mo-irx1b (—21 to +4: ACATGTCCAACTCCCGAGGAACTCT)
(Stedman et al, 2009) and Mo-irx1b2 (—68 to —43:
AGGGCAATCCACTTTCAATCACAGC).

All MO-experiments were initially done with the previously
published Mo-mnx1, mnx2b-MO and Mo-irx1b. In addition, the
following experiments were repeated with non-overlapping
translation-blocking morpholinos against mnx2b (Mo-mnr2b2) and
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irx1b (Mo-irx1b2): quantification of tubule dilation in mnx2b-sin-
gle and mnx2b/irx1b-double morphants and analyses of heart beat
rates. Importantly, indistinguishable phenotypes were observed
for both sets of mnx2b and irx1b morpholinos,

4.3. Whole mount in situ hybridization

Whole mount in situ hybridization (WISH) experiments were
performed as described previously (Hauptmann and Gerster,
2000; Thisse et al., 1993; Wendik et al., 2004). Anti-sense RNA
probes were prepared by transcribing linearized cDNA clones with
SP6 and T7 polymerases using the digoxigenin labeling mix
(Roche). Plasmids for ISH probes of irx genes and pronephros
segmentation markers were obtained from Sylvie Schneider-
Maunoury and Alan Davidson, respectively (Lecaudey et al., 2005;
Wingert et al., 2007).

4.4. Immunostainings

Antibody staining was performed as previously described
(Kimmel et al., 2011). Anti-mouse GFP (Roche) was used in a 1:200
dilution, Alexa 488 (Invitrogen) at 1:1000 dilution.

4.5. Heat-shock induction

If not stated otherwise for heat-shock embryos were incubated
for 1 h at 38 °C. 2 h after heat-treatment embryos were collected
for total RNA preparation and fixation in 4% PFA for WISH.

4.6. Cycloheximide treatment

For translation inhibition cycloheximide (CHX, Calbiochem)
was used as described (Negron and Lockshin, 2004). Embryos
were exposed to 100 pg/ml of CHX starting 30 min after heat-
shock induction and fixed for WISH 2 h after start of chemical
treatment.

4.7. Functional kidney analysis

Functional kidney testing was performed according to Kramer-
Zucker et al. (2005). Embryos were injected with Tetra-
methylrhodamin conjugated 70 kD dextran into the common
cardinal vein at 3.5 dpf and embedded into 1.2% low melt agarose.
Agarose surrounding the trunk was carefully removed with for-
ceps. Excretion was monitored 5-30 min after dye injection at a
Leica DM6000 microscope using a SPOT RT3 camera and Visitron
software.

4.8. TEM sections

Animals were anaesthesized with MS222 and immediately
fixed with glutaraldehyde and osmium tetroxide, postfixed with
glutaraldehyde, osmium tetroxide and potassium dichromate ac-
cording to Rombout (Rombout et al., 1978). Specimen were dehy-
drated in an acetone series and embedded in PolyBed 812. Ultra-
thin sections were cut with a Leica ultramicrotome UCT (Leica,
Vienna), stained with lead citrate and examined with a Libra 120
energy filter transmission electron microscope (Zeiss, Germany) or
a Philips CM 120 (FE.L, the Netherlands). Images were acquired
using an Olympus SiS iTEM 5.0 software and a TRS 2048 high
speed camera (Troendle, Germany).

4.9. Transplantation experiments

Tg(hsp:mnx1-VP16;hsp:YFP) embryos were injected with Fluor-
escein-Dextran (Sigma) at the 1-cell-stage. Fluorescein-labeled

cells were transplanted into wildtype animals at sphere stage.
Embryos were heat-treated at the 5som stage and fixed in 4% PFA
at the 8som stage. Staining of irx1b was performed by WISH. Vi-
sualization of Fluorescein-Dextran labeled cells was acquired using
Anti-Fluorescein-POD antibodies (Roche) in a 1:1000 dilution and
FITC substrate (Sigma).

4.10. Microarray analysis

Outcrosses of Tg(hsp:mnx1;hsp:YFP) and Tg(hsp:mnx1-VP16;hsp:
YFP) were used to obtain identically treated samples of hetero-
zygous transgenic (YFP*) and control (YFP") embryos. Three bio-
logical samples were collected for each line. Heat-shock treatment
was performed at the 12 somite stage (16hpf). After incubation for
45 min at 38 °C embryos were kept at 28 °C for additional 2 h (Tg
(hsp:mnx1-VP16;hsp:YFP)) or 4 h (Tg(hsp:mnx1;hsp:YFP)). Longer
incubation at 28 °C for mnx1 induced embryos was due to the
assumption that sufficient target gene repression would take
longer than target gene activation. Embryos were then sorted for
transgenic and control embryos and 50 embryos for each sample
were collected for total RNA preparation using the RNAeasy kit
from Quiagen. Remaining embryos were fixed for whole mount
in situ hybridization analysis and ubiquitously increased mnx1
expression confirmed successful transgenic induction. RNA sam-
ples of corresponding in situ hybridization (ISH) tested transgenic
and control embryos were used for Microarray analysis.

The microarray was conducted at the Core Facility Genomics at
the University of Freiburg using an Agilent 2100 Bioanalyzer. A
two-color array was used for analysis. Calculations of the Core
Facility group (Freiburg Center for Data Analysis and Modeling, Dr.
Kurz) determined significantly regulated genes through additional
combinatorial calculations of the p-value and corrected p-value
and the absolute fold change. Multiple testing correction: Benja-
mini-Hochberg. Raw data were analyzed using the LIMMA-Pack-
age (Smyth et al., 2005; Wettenhall and Smyth, 2004). The red/
green “Median Signal” from the AFE software was used as signal,
the red/green “BGMedian Signal” as background. Background
correction mode was “normexp” with an offset of 50, for nor-
malization within arrays the “loess” option was used. Normal-
ization between arrays was carried out with the “Aquantile”
method.

4.11. Quantitative PCR

For qPCR analyses embryos were heat-treated at 15hpf and
collected at 18hpf for total RNA preparation from YFP— control
and YFP+ transgenic embryos (RNeasy kit, Qiagen). The cDNA
samples were prepared with the First strand cDNA kit from In-
vitrogen. Real time PCR was performed on the ABI 7500 cycler
(Applied Biosystems) using ABI Sybr Green reagent. As a standard
control efla expression levels were analysed.

4.12. Microscopy analysis

For confocal microscopy analysis, the LSM510 (Zeiss) was used.
Embryos were embedded in 1.2% low melting agarose (Biozym)
dissolved in egg-water. Images were taken with the 20 x and 40 x
water immersion objectives. Stacks were analyzed with the LSM
Examiner (Zeiss) software. For brightfield images of whole mount
in situ stainings the Leica MZ16FA microscope was used. Embryos
were transferred to 100% glycerol for imaging. Figures were pre-
pared using the Adobe Photoshop software.

4.13. Statistical analysis

Statistical analyses additional to Microarray analysis were
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performed using the two-tailed, two sample Student's test and
pValues < 0.05 were considered significant. The GraphPad Prism
5 software was used for analysis.

GO term analyses of Microarray based differentially expressed
genes was performed with the DAVID bioinformatics resources 6.7
(Huang da et al., 2009a, 2009b).
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