©2021. Published by The Company of Biologists Ltd | Biology Open (2021) 10, bio056887. doi:10.1242/bio.056887

e Company of
‘BlolOngtS

RESEARCH ARTICLE

Rab7 is required for mesoderm patterning and gastrulation

in Xenopus
Jennifer Kreis, Fee M. Wielath and Philipp Vick*

ABSTRACT

Early embryogenesis requires tightly controlled temporal and spatial
coordination of cellular behavior and signaling. Modulations are
achieved at multiple levels, from cellular transcription to tissue-scale
behavior. Intracellularly, the endolysosomal system emerges as an
important regulator at different levels, but in vivo studies are rare. In
the frog Xenopus, little is known about the developmental roles of
endosomal regulators, or their potential involvement in signaling,
especially for late endosomes. Here, we analyzed a hypothesized
role of Rab7 in this context, a small GTPase known for its role as a late
endosomal regulator. First, rab7 showed strong maternal expression.
Following localized zygotic transcript enrichment in the mesodermal
ring and neural plate, it was found in tailbud-stage neural ectoderm,
notochord, pronephros, eyes and neural crest tissues. Inhibition
resulted in strong axis defects caused by a requirement of rab7 for
mesodermal patterning and correct gastrulation movements. To testa
potential involvement in growth factor signaling, we analyzed early
Whnt-dependent processes in the mesoderm. Our results suggest a
selective requirement for ligand-induced Wnt activation, implicating a
context-dependent role of Rab7.

KEY WORDS: Rab7, Endosomes, Wnt, Mesoderm, Gastrulation,
Xenopus

INTRODUCTION

Early embryonic processes like germ layer formation, induction of
body axes, gastrulation, neural induction and tissue differentiation
require tight control of cellular processes, including temporal and
spatial activation of specific sets of signaling pathways. Regulation
of endocytosis or membrane trafficking can control activation,
intensity, or duration of signal transduction following receptor
activation (Sigismund et al., 2012). However, this has only been
analyzed in few developmental processes in vivo, as altering basic
cellular processes can have dramatic effects.

Endocytosis of membrane receptors is considered a way of
downregulation of signaling. Receptors are translocated to early
endosomes (EE), which represent first intracellular sorting platforms
(Platta and Stenmark, 2011). From here, receptor complexes can be
inactivated and recycled back to the plasma membrane. Alternatively,
they are retained in EE membranes while these organelles mature into
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late endosomes (LE). There, transmembrane cargo can be translocated
into intraluminal vesicles (ILV) by successive inward budding of the
limiting membrane, a process characteristic for maturing LE, and
which is performed by the endosomal sorting complexes required for
transport (ESCRT) machinery (Hanson and Cashikar, 2012). Any
cargo translocated into ILV is destined for acidic degradation, as LE
fuse with lysosomes. Thus classically, LE represent an intermediate
step between EE and degradation (Dobrowolski and De Robertis,
2011; Horner et al., 2018; Katzmann et al., 2002).

The role of endocytosis and endosomes for activation of signaling
are much less understood. Several pathways require endocytosis for
activation, or further transport to EE, where activating adapters are
localized (Brunt and Scholpp, 2018; Butler and Wallingford, 2017;
Dobrowolski and De Robertis, 2011; Fiirthauer and Gonzalez-
Gaitan, 2009; Platta and Stenmark, 2011). A much rarer case is a
positive role of LE for pathway activation, which has been
suggested for epithelial growth factor (EGF) receptor-mediated
mitogen-activated protein kinase (MAPK) activation (Platta and
Stenmark, 2011; Teis et al., 2002). Further, for canonical Wnt
signaling (from here on simply ‘Wnt signaling’), it has been
demonstrated that LE are indispensable for maintaining intracellular
signaling after endocytosis-mediated activation of the receptor
complex (Platta and Stenmark, 2011; Taelman et al., 2010;
Vinyoles et al., 2014).

Rab family proteins are a group of small GTPases that regulate
membrane trafficking processes by transiently binding membranes
and serving as process-specific molecular switches. Each Rab
attaches to certain types of membrane or organelle and orchestrates
recruitment of a specific set of effectors, thereby giving membranes
an ‘identity’ and function (Stenmark, 2009). As judged by their
general roles in cellular transport, many Rab proteins are categorized
as ‘housekeeping genes’ (Hounkpe et al., 2021). However, they
might be involved in tissue-specific processes requiring membrane
transport.

The LE regulator Rab7a (from here on ‘Rab7’) and its low-
expressed, tissue-specific paralog Rab7b are mainly found on LE.
Thus, Rab7 is used as an LE marker, and, as a recruiter of
many effectors, it is the main regulator of LE maturation and
function (Huotari and Helenius, 2011; Stenmark, 2009).
Concerning signaling pathways, it would thus be considered to be
a permissive regulator of endolysosomal degradation, i.e. required
for receptor degradation and termination of signaling (Platta and
Stenmark, 2011). While this is straightforward logic, controlling
activity of Rab7 could be a way of positively regulating downstream
signal transducers as well. For instance, this might be the case for
Wnat signaling, where functional LE have been shown to be required
for sustained activation. In addition, the Wnt pathway has been
reported to influence expression of endosomal regulators in
a positive feedback loop, i.e. directly regulating Rab7 activity
(Ploper and De Robertis, 2015; Ploper et al., 2015; Taelman et al.,
2010).
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Studies dealing with the in vivo function of Rab7 are rare,
especially in a developmental context. Most information about its
influence on cellular function derives from work in cell culture, i.e.
from out-of-tissue contexts (Guerra and Bucci, 2016). This might be
due to the general cellular role of Rab7, causing classical knockout
(KO) approaches to result in embryonic lethality, as exemplified by
work in the mouse. KO embryos had strong defects in endosomal
transport in the anterior visceral endoderm (AVE), which resulted in
antero-posterior (AP) patterning defects, and thus in failure to
complete gastrulation (Kawamura et al., 2012). In a recent follow-
up report, the authors further demonstrated that these phenotypes
correlated with reduced Wnt signaling in the mesoderm, resulting in
impaired mesoderm patterning (Kawamura et al., 2020).

In this work, we analyzed the in vivo function of rab7 during
Xenopus early embryogenesis, including a potential participation
in Wnt pathway activation. In contrast to an expected general
housekeeping role in all tissues, we found rab7 mRNA specifically
enriched in distinct types of tissues, reflecting dynamic changes of
enhanced requirement. Using morpholino-mediated knockdown
and CRISPR/Cas9-mediated genome editing, we found that loss of
rab7 specifically resulted in gastrulation defects without impacting

embryonic organizer induction. Furthermore, rab7 was required
endogenously for expression of Wnt-dependent genes in the dorsal
and ventral mesoderm, as well as for ligand-mediated activation of
exogenously induced Wnt signaling.

RESULTS

Loss of rab7 results in gastrulation defects

We speculated rab7 could show distinct spatial enrichment of
mRNA expression during early development. If the case, such
enhanced abundance would give indications about tissue- and
process-specific requirements. Indeed, expression analysis by in situ
hybridization (ISH) revealed very dynamic spatial and temporal
signals. Strong maternal expression was found in the animal half of
cleavage stages, a signal detected until the onset of zygotic
transcription after midblastula transition (MBT) (Fig. 1A,B;
Fig. S1A). At early gastrula stages, transcripts were mainly found
in the deep mesodermal ring, omitting the dorsal lip, i.e. the
anterior/head part of Spemann-Mangold organizer (Fig. 1C,D;
Fig. S1B). During late gastrulation, stronger signals were detected in
the neural plate ectoderm and in the axial, notochordal mesoderm,
latter of which continued to be positive for 7ab7 during neurulation

sagittal d ]

A "B

st.9
sagittal a

st.10.5
transversal d I

st.3 rab7a

"H

d

d

sagittal v sagittal v

sagittal E

st.12.5

P J transversald J ]
1 1
1 1
1
1 v

a transversal

neurula stage

+ ca-rab7 mRNA

"O

rab7 TBMO

rab7 TBMO

en
Q 100%

50% —

tailbud stage

gastrulation defects.

0%

+ ca-rab7 mRNA

ca-rab7 mRNA - - +
N=3 n= 75 80 141
wt [l mild GD [l strong GD

neurula stage
+
tailbud stage

rab7 TBMO - + +

-— st.31 co

T a

rab7 CRNP (S+L)

"U

st.28 co

VAR

gastrulation defects.
g
I

0% 0%
rab7 CRNP (S+) - + rab7 SBMO - +
N=4 n= 167 270 N=t  n= 35 40
wt [l mild GD M strong GD wt [ mild GD [ strong GD

Fig. 1. rab7 shows dynamic expression and inhibition resulted in gastrulation defects. (A,B) Expression of rab7 mRNA in animal hemisphere at stage
3 and sagittal section of late blastula stage. (C) Upon gastrulation transcripts were enriched in deep mesodermal ring, (C’) sagittal section as indicated in
(C), (D) dorsal area close-up view of a vibratome-sectioned specimen. (E) At stage 12.5 rab7 accumulates in neural plate ectoderm, (E’) sagittal section of E.
(F) During neurulation transcripts get restricted to notochord, neural tube and brain tissue, (G) sagittal and (H) transversal section indicated in F. (1) In tailbud
stages transcripts were detected in the notochord and pronephric and head tissues, (J) transversal section indicated in I, (J’) enlargement of J. (K,N) Control
specimen at stages 13 and 28. (L,O) Injection of rab7 TBMO in dorsal lineage caused gastrulation defects, resulting in severe dorsal phenotypes. (M,P)
Co-injection of ca-rab7 mRNA rescued loss of function phenotype of morphant embryos. (Q) Quantification of results in K—P. (R, T) Tailbud control embryos,
(S,U) siblings treated with rab7 CRNP (S+L) or rab7 SBMO showing dorsal phenotypes. (V,W) Quantification of results in (R,S and T,U). a, anterior; an,
animal; ca, constitutive active; co, control; CRNP, Cas9 Ribonucleoprotein; d, dorsal; GD, gastrulation defect; p, posterior; SBMO, splice blocking Morpholino
Oligonucleotide; st., stage; TBMO, translation blocking Morpholino Oligonucleotide; v, ventral; veg, vegetal; wt, wild type. Scale bars: 250 pm.
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(Fig. 1E; Fig. S1C). By then, ectodermal expression became more
restricted to the lateral neural plate, and later in the deep cells of the
neural tube and brain tissues (Fig. 1F-H; Fig. S1D-E). In following
tailbud stages, rab7 signals were detected in the cement gland and
dermal areas, weaker in the notochord, and strong in the pronephric
kidney, eyes, ventro-lateral neural tube, pharyngeal arches,
trigeminal nerve complex, dorsal fin mesenchyme, and in the
trunk neural crest cells (Fig. 11,J; Fig. S1F,G; and data not shown).
This analysis supported our hypothesis that 7ab7 could be required
for early embryonic development by participating in regulation of
signaling activity in multiple tissues.

Next, we wanted to test an early in vivo requirement of rab7 using
a loss-of-function approach. We designed a morpholino oligomer
(MO) targeting the 5'UTR of the L- and S-form of Xenopus laevis
rab7 to block translation of both homeologs (rab7 TBMO).
Morphant embryos passed through cleavage and blastula stages
without detectable phenotypes (not shown). However, subsequent
gastrulation movements were inhibited during gastrulation, causing
complete failure to close the dorsal blastopore in about half of
morphant embryos reaching early neurula stage (Fig. 1K,L). Other
specimens displayed milder gastrulation phenotypes (not shown).
The strong gastrulation defect became even more prevalent at
tailbud stages, with further extension of the AP axis in control
specimens, while morphant embryos remained wide open dorsally
with strong dorsal curvature. By then, another 45% of specimens
had developed milder phenotypes, recognizable mostly by impaired
axial elongation (Fig. 1N,0,Q; and not shown). Importantly, co-
injection of a constitutively-active (ca) rab7 mRNA was able to
rescue the strong gastrulation phenotype in a highly significant
manner, demonstrating specificity of the observed MO effect. As
tailbud stages, nearly all rescued embryos were able to close the
blastopore and to elongate their AP axis, albeit with slightly reduced
AP elongation (Fig. 1M,P,Q). To further underline specificity of this
effect, we next designed single guide RNAs (sgRNA) to target the
genomic loci of both rab7 homeologs for CRISPR/Cas9-mediated
mutagenesis, either in parallel, or individually. KO efficiency of
injected embryos was determined by sequencing and subsequent
analysis of indel distribution (Synthego ICE; for details see
Materials and Methods). These analyses resulted in a predicted
gene editing rate between 60% and 88% for L- or S-forms of the
different sgRNAs (Fig. S2A-C). Genome editing of rab7L/S at the
one-cell stage caused strong gastrulation defects, again resulting in
tailbud stages with open dorsal part in 50% of specimens,
resembling the phenotype shown for morphants (Fig. 1R,S,V).
Interestingly, while selective targeting of homeolog L with sgRNA
(L) also caused a similar phenotype in about 25% of injected
specimen (Fig. S2D-F), no gastrulation defects were observed by
only targeting homeolog S with sgRNA (S) (data not shown).
Finally, we also designed a splice-blocking (SB) MO targeting the
splice acceptor site at intron 2 of the rab7 pre-mRNA to prevent
splicing, and thus causing translational read-through and early
termination (Fig. S2G). Successful inhibition of splicing could be
demonstrated by RT-PCR for both homeologs, resulting in intron
retention for each form (Fig. S2H). Injection of the rab7 SBMO
resulted in significant reduction of rab7-transcript amounts in
morphant neurula or tailbud stage embryos, indicating nonsense-
mediated decay of unspliced rab7, and thus successful knockdown
of zygotic transcripts (Fig. S2I-L). Phenotypically, rab7 SBMO
injected embryos showed also gastrulation defects, but to a lower
degree (Fig. 1T,U,W). Specimens that managed to close the
blastopore were raised further. Such milder affected (or lower
dose injected) morphants displayed deficits in AP elongation

(Fig. S20,P). Finally, by raising the surviving sgRNA (S+L), or
low-dose rab7 TBMO injected embryos, this late phenotype could
be phenocopied in early tadpole stages, again supporting specificity
of the effect (Fig. S2M,N,Q,R). In summary, our loss-of-function
approach demonstrated a requirement of 7ab7 for early embryonic
development.

Rab7 is required for axial mesoderm elongation and
notochord morphogenesis

To better understand this gastrulation phenotype, we knocked down
rab7 specifically in the dorsal or ventro-lateral mesoderm. Thus
for following experiments, rab7 TBMO was co-injected along
with a fluorescent lineage tracer specifically into the dorsal or
ventral lineages, targeting the equatorial, i.e. mainly mesodermal
progenitor areas (Fig. S3 for injection setup). Dorsal- or ventral-
specific targeting was verified at early gastrula stages (Fig. S3A-J;
see Materials and Methods). When mid-sagittal sections of dorsal
rab7 morphants were analyzed at early gastrula stages, such
embryos formed a lip, but involution movements and archenteron
formation were impaired (Fig. 2A-D; Fig. S3B-E). Interestingly, such
bisections revealed a concomitant lack of Brachet’s cleft, implying
incorrect tissue remodeling during early gastrulation (Fig. 2C-F;
Fagotto, 2020). These phenotypes became more apparent when
morphants were analyzed for notochordal noggin (nog) expression
at mid/late gastrula stage, illustrating strongly impaired axial
elongation and reduced nog expression itself, also indicating a
failure in maintaining notochordal fates in morphant tissue
(Fig. 2G-J). Analysis of dorsal lips using an anti-fl-Integrin
antibody further revealed altered cell shapes and impaired tissue
rearrangement in the involuting marginal zone of morphants (deep
layers), i.e. exactly in that mesodermal area where we found
enrichment of rab7, paralleling the lack of axial elongation and
archenteron formation (Fig. 2K-O).

As these phenotypes indicated a failure in convergent extension
(CE)-dependent processes, and thus, to form a proper elongated
notochord subsequently, we examined notochord fate and
appearance directly. When we checked expression of the marker
notochord homeobox (not) in morphant embryos at early
neurulation, lack of axial elongation was obvious, explaining the
embryos’ inability to close the dorsal part of the blastopore
(Fig. 3A-C). When using the rab7 SBMO for dorsal knockdown, a
milder but significant effect was observed as well (Fig. S4A-C).
Interestingly, while not expression was not reduced in the axial
mesoderm but extended into the lateral somitic areas, analysis of
sonic hedgehog (shh) in the same experiments revealed a different
effect. Morphant embryos showed similar inhibition of axial
elongation but expression intensity of sikh was reduced in
most cases, again suggesting partial lack of notochordal fate
(Fig. 3D-F).

Some milder affected morphant embryos were grown to tailbud
stages to analyze notochordal tissue differentiation. In these stages,
not expression was also not reduced, but appeared enhanced in the
mid-trunk area of such specimens, where in wild-type embryos
expression had already faded by that stage (Fig. S4D-E’). Overall,
notochordal appearance in sagittal sections confirmed attenuated
CE. Stronger affected specimens again developed open dorsal
tissues, but mostly retained not expression, often split as two
separated areas relocated medially (Fig. S4G). Staining embryos
with an MZ-15 antibody, which detects outer keratan sulphates of
the notochordal sheet, revealed absent or strongly reduced signals,
supporting a lack of notochord differentiation (Fig. S4H-K). These
phenotypic analyses showed that early rab7 function is required for
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Fig. 2. rab7 morphants show impaired dorsal lip formation. (A) Untreated embryos at the beginning of gastrulation forming a dorsal lip, (B) which can
also be observed in rab7 deficient siblings (black arrowheads). (C) In stage 10.5, sagittal sectioned control embryos revealed early involution movements.
(C’) Enlargement of the area in the dashed black box in C, showing formation of Brachet's cleft was visible (white outlined arrowheads), (D) dorsal rab7
knockdown specimen rarely showed involution in sagittal sections or Brachet's cleft formation, (D’) enlargement of the area in the dashed black box in D,
(black arrowheads). (E) Older control embryo (mid-gastrula) with evenly shaped lip, (E’) sagittal section with Hoechst stained nuclei revealed proceeded
dorsal involution and archenteron formation. (F) Same-age morphant siblings developed irregularly shaped lips around the blastopore (black arrowheads),
and (F’) did not show any involuting tissue or archenteron formation in Hoechst stained sagittal section (white arrowhead). (G) Wild-type nog expression of
control embryos and (I) reduced expression of nog and concomitant failed notochord elongation of dorsal rab7 morphants. (H) Sagittal section and (H’,
enlargement of the area in the dashed black box in H) exhibited proceeded notochord elongation marked by nog in untreated embryos. (J) Sagittal section
and (J’) enlargement of the area in the dashed black box in J clearly depicted impaired nog expression (black arrowhead). (K) Schematic figure of sagittally
bisected mid- to late gastrula embryo indicating view of dorsal lips shown in M-O”. (L) Quantification of overall embryonic phenotypes exemplified in M-O”.
(M,N,O) bisected embryos stained for p1-Integrin (white). (M’,N’,0’) Histon 2B (H2B) GFP signal used as lineage tracer (green), (M”,N”,0”) merged
channels. (M,N) Normal distributed B1-Integrin in wild-type dorsal lips or h2b mRNA-injected specimen, indicating target site. (O) Axial rab7 morphant cells
revealed altered shapes and lack of involution behavior and archenteron formation. Scale bars: A-J’, 250 ym; M-O”, 100 um.

axial tissue morphogenesis and involution during gastrulation, and
thus for subsequent notochord formation.

Rab?7 is required for dorsal mesoderm specification but not
for organizer induction

To understand the role of rab7 in this context, we next analyzed
whether organizer induction was impaired by targeting this dorsal
lineage. However, paralleling lack of rab?7 transcript enrichment in
the anterior/head organizer area (Fig. 1C,D), neither knockdown
with rab7 TBMO or rab7 SBMO, nor CRISPR-induced KO
blocked organizer induction, as judged by goosecoid (gsc) and
chordin (chd) expression (Fig. 4A-C; Fig. SSA-H). Next, we wanted
to test if early, pre-gastrula dorso-ventral (DV) axis formation was
altered in rab7 morphants. Knockdown of rab7 neither altered
dorsal chd, nor ventral ventx] expression, indicating no alteration in

Bone Morphogenetic Protein (BMP) gradient formation (Fig. S5I-K
and Fig. S4D-F). This suggested that rab7 is dispensable for both,
endogenous organizer induction and DV patterning.

The reduced expression pattern of shh suggested that rab7 might
be selectively required for other dorsal mesoderm genes as well.
Therefore, we next checked expression patterns of nodal3 and
forkhead box JI (foxjl), two Wnt-dependent marker genes
expressed in the superficial mesoderm (SM), i.e. the outer layer of
the trunk organizer tissue (Glinka et al., 1996; Smith et al., 1995;
Stubbs et al., 2008; Walentek et al., 2013). Interestingly, while very
early expressed nodal3 was reduced only in a fraction of embryos,
foxj1 was strongly reduced after loss of rab7 (Fig. 4G-L). Further,
dorso-lateral markers myogenic differentiation 1 (myodl) and
myogenic factor 5 (myf5) (Kjolby and Harland, 2017; Shi et al.,
2002) were strongly downregulated in their paraxial expression
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Fig. 3. rab7 is required for axial elongation and notochord morphogenesis.

(A,D) Early wild-type neurula embryos showing elongated notochords

marked by the expression of not or shh. (A’,D’) Transversal sections indicated in (A,D) revealed not and shh expression in the axial neural plate and shh
additionally throughout the whole notochord. (A”,D”) enlargement of the area in the dashed black boxes in A" and D’, respectively. (B,E) Dorsal rab7 TBMO
injection resulted in embryos failing to elongate their notochord, although not expression intensity (black outlined arrowheads) was not reduced in
comparison to shh (black arrowheads). (B’) Transversal section of morphant embryos showed lateral expanded expression of not above the dorsal lip and
(E’) severely reduced shh expression. (B”,E”) enlargement of the area in the dashed black boxes in B’ and E’, respectively. (C,F) Quantification of results in

A,B and D,E, respectively. Scale bars: 250 pm.

domains at early and mid-gastrulation (Fig. 4M-R). Co-injected B-
gal lineage tracer suggested this to be a cell-autonomous effect, as
the ventro-lateral aspect of myodl (i.e. ventral lineage derived;
compare Fig. S3I) was never inhibited in this injection approach
(Fig. 4M-0). Together with the lateral extension of not into these
areas, this indicated a potential shifting of paraxial fates (Fig. 3B).
Finally, analysis of general mesoderm identity using 7-box
transcription factor T (tbxt, also known as brachyury) revealed a
significant reduction of expression after rab7 knockdown in this
area as well (Fig. 3S-U), explaining the morphogenetic phenotype
in the axial mesoderm (Figs 2 and 3). The selective down-regulation
of some marker genes suggested a specific requirement of rab7 for
dorsal mesoderm development, probably downstream or in parallel
of endogenous organizer induction.

Rab7 is required for specification of the ventro-lateral
mesoderm

Organizer induction was not blocked after loss of rab7, yet, dorsal
mesoderm specification was significantly impaired. Therefore, we
asked if rab7 also participated in subsequent ventro-lateral
mesoderm specification, a process known to be dependent on
zygotic wnt8a (Hoppler and Moon, 1998). During gastrulation, the
organizer secretes Wnt antagonists dorsally in the axial mesoderm,
while wnt8a activity is limited to the ventro-lateral mesoderm.
Using targeted injections on the ventral side, we blocked rab7 only
in this area to test the possibility that it was required for mesoderm
specification (Fig. S3F-J). Morphant embryos developed mild
gastrulation phenotypes with low lethality rates, and thus the
majority could be raised until tadpole stages. Such embryos showed
ventro-posterior malformations, which became more pronounced as
early tadpoles, when tail formation was strongly inhibited in most
cases (Fig. 5A-C; Fig. S6A,B). Next, we analyzed ventro-lateral
gene expression during late gastrulation, to test whether rab7 was
required for specification of these fates. Expression of myodI and T-
box 6 (tbx6), two of such marker genes, were strongly inhibited or
lost in morphants, demonstrating a requirement of rab7 for ventral
mesoderm identity as well. Co-injection of B-gal lineage tracer
demonstrated loss of expression only in the targeted part of the
mesoderm, not dorso-laterally, i.e. again supporting a cell-
autonomous effect on signal perception (Fig. 5D-G; Fig. S6C-E).

To get a first indication, whether this lack of ventral specification is
related to inhibition of endogenous Wnt signaling in the mesoderm,
we performed epistasis experiments using suboptimal doses of the
rab7 TBMO in combination with a well-established ctnnbl (-
catenin) MO (Heasman et al., 2000). While injection of effective
doses of ctnnbl MO resulted in loss of myodl expression, i.e.
phenocopying, rab7 morphants (Fig. 5J,L), low-dose injections of
either ctnnb1 MO or rab7 TBMO both had only minor effects on
ventral myodl (Fig. 5I,L). When both MOs were combined using
low doses, myodl expression was lost in all double-morphants
examined, supporting the conclusion of an epistatic interaction of
Rab7 and Ctnnbl (Fig. 5K,L). Together, our experiments support
the conclusion that rab7 participates in specification of ventral
mesodermal fates during gastrulation, potentially by regulating
endogenous Wnt8a-activated signaling.

Rab7 acts epistatically with the endosomal regulator Vps4

In most contexts, Rab7 acts via its well-studied role as a regulator of
late endosomal function. However, in some cases it has been shown
to perform a cellular role independent of LE, and, potentially not in
the endo-lysosomal pathway (Guerra and Bucci, 2016). Therefore,
we aimed to address this point as well, by testing if other late
endosomal regulators, which have also been demonstrated to be
required for Wnt function, regulate ventral fates in concert with
Rab7. We chose two components of the ESCRT machinery (Horner
et al., 2018), which have previously been characterized in Wnt
signal transduction in Xenopus, i.e. hepatocyte growth factor-
regulated tyrosine kinase substrate (hrs) and vacuolar protein
sorting 4 homolog (vps4) (Taelman et al., 2010). Using doses that
have been shown to block double axis formation, we knocked down
hrs ventrally, targeting the ventral mesoderm (Fig. SO6F-H), or
overexpressed a dominant-negative version of vps4 (dn-vps4)
(Bishop and Woodman, 2000), to analyze LE-dependent
mesoderm patterning. In both cases, loss of these regulators
caused strong reduction of myod! in the ventral part, supporting a
necessity for correct LE, and possibly Wnt function in this tissue
(Fig. 6A,E; Fig. S6F-H). As this implicated a functional cooperation
with Rab7 on LE, we performed an epistatic analysis to demonstrate
interaction. Either low-dose injection of dn-vps4 mRNA, or that of
rab7 TBMO caused minor reduction of myod! expression, however,
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Fig. 4. Dorsal mesoderm specification requires Rab7 independent of the organizer. (A,D,G,J,M,P,S) Untreated control specimen, or s-gal mMRNA control
injections confirming dorsal targeting (white outlined arrowheads in A,M) with wild-type gsc, ventx1, nodal3, foxj1, myod1, myf5 and tbxt expression,
respectively. (B,E) rab7 loss of function in dorsal or ventral lineage did not alter gsc or ventx1 expression, respectively. (H) nodal3 expression was slightly
reduced in some rab7 morphant embryos. (K,N,Q,T) expression of foxj1, myod1, myf5 and tbxt were severely affected in specimen with rab7 deficiency
(black arrowheads). (C,F,l,L,O,R,U) Quantification of results in A,B,D,E,G,H,J,K,M,N,P,Q,S,T. Scale bars: 250 pm.

parallel injection of both caused strong inhibition of myod! in a
significant manner (Fig. 6B-E). From these results we conclude that
Rab7 should act in a canonical manner as an endosomal regulator in
the ventral mesoderm, together with LE effectors known to be
required for Wnt activation.

Rab7 is required for canonical Wnt pathway activation in vivo
In order to investigate directly whether the loss of rab7 interfered
with endogenous Wnt signals in the mesoderm, and to bypass the
possibility that any putative maternal rab7 mRNA or protein would
‘cover’ its requirement for organizer induction in our experiments,
we activated Wnt signaling exogenously. First, we used radial
injections of wnt8a mRNA, which is well known to dorsalize the
embryo (Hikasa and Sokol, 2013; Smith and Harland, 1991).
Injections caused radial expression of dorsal-specific organizer
genes and erased that of ventral-specific ventx! (Fig. 7A.B,D;
Fig. S7TA-H). Importantly, co-injection of rab7 TBMO restored
the DV-axis highly significantly, again without impacting on
endogenous organizer-specific expression of cid or nog (Fig. 7C,D;
Fig. S7C,D). Early gastrula embryos tested for ventx! showed
phenotypic restoration of their DV axis, yet ventx] expression stayed
partially reduced (Fig. S7G,H). These results suggest that rab7 is
required for ligand-dependent activation of Wnt signaling, upstream
of exogenously induced organizer genes.

If rab7 participated in Wnt pathway activation in vivo, then
knockdown should prevent induction of secondary axes, a classical

readout for canonical Wnt pathway in Xenopus (Sokol et al., 1991).
Co-injection of rab7 TBMO was sufficient to prevent wnt3a-
induced double axis induction in a highly significant manner
(Fig. 7E-H). Importantly, the efficiency of ctnnb1 to induce double
axes was not altered after rab7 knockdown (Fig. S7J-M). To further
rule out the hypothesis that this effect was due to impairment of
processes downstream of organizer induction, we analyzed these
secondary organizers for expression of gsc, which clearly
demonstrated inhibition of Wnt-induced organizers (Fig. S7TN-P).
These results were further supported using the Wnt-specific
B-catenin activated reporter (BAR) (Biechele et al., 2009) in
animal caps, where wnt8a-induced activation was also blocked by
rab7 inhibition (Fig. 7I). The same reporter blockage after loss of
rab7 was found endogenously, when the BAR construct was
directly injected into the Wnt-dependent ventral mesoderm. Loss of
rab7 reduced signals by 90%, indicating that the loss of ventral
markers was caused by Wnt pathway inhibition upstream of
[B-catenin-mediated transcriptional activation (Fig. S7I). In a final
approach, we wanted to test if induced activation of zygotic Wnt
signaling was sufficient to rescue the loss of paraxial marker genes
after rab7 knockdown. Thus, we incubated dorsal morphants in
0.2 M LiCl at the begin of gastrulation, i.e. after organizer induction.
For both, myodl and myf5, LiCl treatment was partially able to
rescue expression in the paraxial mesoderm, while LiCl-induced
ectopic expression in the axial areas was not inhibited by inhibition
of rab7, supporting a role upstream of B-catenin activated
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(C) Quantification of results in A,B.
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transcription (Fig. 7J-Q). These results support the conclusion that
rab7 participates in mediating early Xenopus Wnt signals in a
context-dependent manner. Altogether, we therefore conclude from
our experiments that loss of the small GTPase Rab7 can interfere
with Wnt pathway activation in early frog embryos, upstream of
Ctnnbl stabilization.

DISCUSSION

In this study, we analyzed the in vivo role of the small GTPase Rab7
in the frog Xenopus with focus on its role in early patterning and
regulation of morphogenetic processes during gastrulation. We were
able to demonstrate a requirement for dorsal and ventral gastrulation
processes, which were both strongly impaired after loss of rab7.
Further, our results implicate that Rab7 participates in mesodermal
patterning processes in the early embryo, at least partially in a Wnt-
dependent manner, explaining the observed morphogenetic
phenotypes.

rab7 has distinct activity pattern throughout embryonic
development

In developmental studies, genes with categorized housekeeping
function are mostly used as molecular tools — developmental
expression is rarely included, as it is considered to be ubiquitous,
with little temporal or spatial fluctuations by definition
(‘housekeeping genes’, Hounkpe 2021; Kim et al., 2012; Lee and
Harland, 2010 for Rab coding examples). Our analysis of rab7
revealed strikingly dynamic and spatially restricted expression
patterns throughout early development, suggesting a tissue- and

exemplified below. Scale bars:
250 ym.

context-specific requirement. Therefore, we would predict that
many other of such classified genes show tissue-specific and
developmentally regulated function as well, and should therefore be
used carefully and classified as strict housekeeping genes.
Alternatively, for clarity, such examples could be given a separate
subcategory within the term ‘housekeeping gene’. In context of
membrane trafficking, expression of different endosomal regulators
(e.g. hrs or vps4) could reveal distinct endosomal synexpression
groups, following a concept proposed before (Niehrs and Pollet,
1999). Such analyses could reveal novel roles for endosomal
regulation of developmental processes or pathways, in line with a
shared co-transcriptional regulation, as demonstrated for genes
coding endosomal components (Ploper et al., 2015; Sardiello et al.,
2009). In the case of rab7, strong signals in the neural plate border
(Fig. 1F-H), pronephric kidney, and cranial and trunk neural crest
(Fig. 11,]) suggest such possible roles, also in other Wnt-regulated
tissues (Borday et al., 2018; Burstyn-Cohen et al., 2004; Honoré
et al., 2003; Pla and Monsoro-Burq, 2018; Villanueva et al., 2002;
Zhang et al., 2011).

Rab7 is required for dorsal mesoderm specification and
tissue remodeling during gastrulation

We performed loss of function of rab7 using antisense oligos and
CRISPR/Cas9-mediated genome editing. Reflecting the late
expression in diverse tissues, mildly affected, or low-dose injected
tadpoles displayed shortened AP axes, head and eye defects, and
edema formation, the latter putatively due to loss of rab7 in the
pronephric system (Fig. 1; Fig. S2; Wessely and Tran, 2011). Yet,
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Fig. 6. Small GTPase Rab7 acts
epistatically with the LE regulator
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while developing no phenotypes during cleavage or blastula stages,
the most prominent developmental defects of rab7-deficient
embryos became apparent during gastrulation, as a result of
incorrect mesoderm patterning. The lack of very early
phenotypes, despite the presence of a large supply of maternal
rab7 mRNA in cleavage and blastula stages suggest that this pool
might also be required after MBT, i.e. at least partially during
gastrulation. This is supported by the fact that the rab7 TBMO was
more efficient in causing gastrulation defects than the rab7 SBMO.

Interestingly, work in mice supports evolutionary conservation of
the role of rab7 in this context (Kawamura et al., 2012). Here, rab7
KO also prevented gastrulation, resulting in early embryonic death.
More importantly, the authors demonstrated recently that this
phenotype was caused by lack of proper mesoderm formation,
recognizable by defects in tissue remodeling and subsequent germ
layer formation (Kawamura et al., 2020). These cellular phenotypes
are highly reminiscent of our observations in the dorsal mesoderm
after loss of rab7, where cellular arrangements were disorganized as
well, and correct formation of Brachet’s cleft was impaired, i.e. germ
layers also failed to separate correctly (Fig. 2; Fig. S4). Another
indication for a conserved role of rab7 in these processes might be the
alteration of cell adhesion we observed (Fig. 2K-O). In the mouse,
such altered cell adhesion was also observed after loss of rab7,
paralleling the failed tissue remodeling (Kawamura et al., 2020).

From work in cell culture it is known that Rab7 is required for
correct activation and localization of Bl-Integrin at the cell
membrane in a permissive way, i.e. as a component required for
transport towards the membrane (Arjonen et al., 2012; Margiotta
et al.,, 2017). Thus, such a function of Rab7-mediated transport
could specifically explain changes of Bl-Integrin after rab7
inhibition (Fig. 20). Yet, we cannot clearly distinguish whether
the alterations of cell adhesion in the dorsal mesoderm is a direct
result of loss of Rab7-mediated transport of adhesion components,
or an indirect consequence of the lack of mesodermal specification.
The significant downregulation of 7bxt in most embryos argues for
the second possibility (Fig. 4S-U), which suffices to explain the
observed problems of tissue remodeling, axial elongation and
notochord morphogenesis, since Tbxt is a well-known upstream
regulator of mesoderm specification and non-canonical Wnt
pathways required for CE (Bruce and Winklbauer, 2020; Schulte-
Merker and Smith, 1995; Tada and Smith, 2000).

Rab7 mediates dorsal development independent

of the organizer

Strikingly, we did not observe a change in organizer induction as
judged by expression of gsc or chd at early gastrulation. Whether
such a Rab7-deficient organizer is fully functional, i.e. capable of
inducing a secondary axis in a classical transplantation assay, is not
clear from these analyses. Yet, embryos show no signs of
ventralization or dorsalization, neither phenotypically, nor when
analyzed for mid-gastrula expression of DV-specific genes ventx/
or chd (Fig. 4D-F; Fig. SSF-K). These results argue against an
involvement of rab7 in early Wnt-mediated Nieuwkoop center/
organizer induction (Fagotto et al., 1997; Heasman et al., 1994) or
in transforming growth factor beta (TGF-$)/Nodal pathway-induced
activation of organizer genes, nor in BMP-mediated ventral
development (De Robertis, 2009). These conclusions are
supported by the recent report also showing no alteration of
Nodal or BMP signaling in rab7 KO mice (Kawamura et al., 2020).
So far, neither involvement of Rab7, nor of LE in general has been
linked to activation of TGF-B signaling, a finding we would also
conclude from our Xenopus analyses.

In contrast to wild-type expression of organizer genes, we found
that rab7 was clearly necessary for foxj I, myodl, myf5, and tbxt, and
partially for correct nodal3 expression (Fig. 4G-U). Most of these
genes are known to depend on active Wnt signaling (with
uncertainty for tbxf), however, to what extent maternally or
zygotically activated Wnt signals contribute to their activation is
not fully understood (Shi et al., 2002; Smith et al., 1995; Stubbs
et al., 2008; Vonica and Gumbiner, 2002; Walentek et al., 2013).
nodal3 expression, which was impacted least after rab7 inhibition,
is initiated just after MBT and thought to be a direct Wnt target
(Glinka et al., 1996; Smith et al., 1995). Therefore, these results
might indicate a role for Rab7 only for processes relying on zygotic
Wnt activation. In the recently analyzed rab7 KO mouse,
gastrulation phenotypes and lack of bxt expression have been
demonstrated as well, and these phenotypes were related to
inhibition of Wnt signaling by reduced degradation of the Wnt
antagonist Dickkopf (Dkk) (Kawamura et al., 2020). It is not clear
whether Rab7 participates in Dkk degradation in Xenopus
development. However, excess Dkk protein caused by loss of
Rab7 can neither explain inhibition of induced double axes, nor
blockage of transcriptional Wnt reporter activation in animal caps,
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Fig. 7. Rab7 is required for canonical Wnt pathway activation. (A) Wild-type dorsal expression of chd in comparison to specimen with (B) radial injected
wnt8a mRNA showing an extended chd expression domain around the blastopore. (C) Co-injection of rab7 TBMO restricted additional chd expression to
normal wild-type state. (D) Quantification of results in A-C. (E) Untreated control specimen, (F) in comparison to induced double axis (white arrowhead) after
ventral wnt3a mRNA injection, (G) parallel injection of rab7 TBMO inhibited secondary axis formation (black arrowhead). (H) Quantification of results in E-G.
(I) Luciferase-based Wnt reporter assay analysis at stage 10.5 illustrated that wnt8a induced reporter activity was blocked by rab7 loss of function in animal
caps. (J,N) Wild-type expression of myod? and myf5 in stage 11 control embryos. (K,0) Absent dorsal myod? expression and lost domains upon rab7 loss of
function (black arrowheads). (L,P) Treatment with LiCl partially rescues dorsal expression of myod1 and myf5 in rab7 morphant embryos (white arrowheads).
Please note that LiCl-induced ectopic expression in the axial mesoderm was not inhibited by the rab7 TBMO. (M,Q) Quantification of results in J-L and N-P,
respectively. Scale bars: 250 pm.

which are devoid of dkk transcripts (Fig. 7; Glinka et al., 1998). knockdown-induced loss of ventral marker genes (Fig. 5; Fig. S6).
Further, dkk is not expressed endogenously in the ventral We therefore conclude that at least in these contexts, Rab7 should
mesoderm, i.e. accumulated protein can therefore not explain rab7  participate in Wnt ligand-induced signal transduction, probably as
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part of a late endosomal machinery-mediated signal maintenance
mechanism (Fig. 6, Taelman et al., 2010, and below).

Rab7 is necessary for Wnt activation in Xenopus in

a context-dependent manner

The unexpected lack of ventralization phenotype contradicted the
reported role of LE for Wnt pathway activation, as we expected
Rab7 to be also required for maternal, Wnt-dependent organizer
induction (Taelman et al., 2010; Vinyoles et al., 2014). This was
even more puzzling, as we could demonstrate an absolute
requirement for exogenously induced activation of Wnt-dependent
processes, i.e. double axis assay, Wnt reporter activation, and the
restoration of the DV axis after Wnt8a-mediated dorsalization
(Fig. 7; Fig. S7). The last result exemplified this discrepancy, as
exogenously induced Wnt-dependent dorsal fates were blocked
after loss of rab7, while the endogenous, organizer-induced
expression of chd and nog stayed unaltered (Fig. 7A-D;
Fig. S7TA-D). A compensatory action by the paralogous rab7b can
be excluded, as it is not present in the early embryo (Peshkin et al.,
2019 preprint; Session et al., 2016; our preliminary results). One
straightforward explanation would be that endogenous maternal
Wht activation does not require ligand-mediated receptor activation
and endocytosis, which we used for exogenous Wnt pathway
induction. This could include a mechanism bypassing the
endolysosomal system, what would be in agreement with the fact
that injection of dickkopf-1 mRNA, which blocks extracellular Wnt
receptor activation, does not ventralize the embryo either (Glinka
et al., 1998). In cell culture and Xenopus embryos, LE have been
reported to be necessary to establish a robust Wnt output, i.e. to
maintain continuous inhibition of glycogen synthase kinase 3
(GSK3), and thus Wnt pathway activation. However, endogenous
organizer induction has not been analyzed in these experiments
(Niehrs and Acebron, 2010; Taelman et al., 2010). In fact, we
cannot exclude that early Wnt activation might only rely on ‘fast-
acting’, LE-independent mechanisms (like Axin inhibition), which
have been suggested to be required for GSK3-inhibition and Wnt
activation (Clevers and Nusse, 2012; Li et al., 2012). Alternatively,
the Xenopus zygote might already contain fully or partially matured
LE, as proposed before, whose functionality we are not able to
interfere with using embryonic injections (Dobrowolski and De
Robertis, 2011).

In contrast to the rather complex involvement of Rab7 for dorsal
fates, we could show a requirement for endogenous ventro-lateral
mesoderm patterning, as all marker genes (myf3, myod1, thx6) were
strongly downregulated after loss of rab7 (Fig. 4M-R, Fig. 5D-G;
Fig. S6C-E). These genes have all been shown to depend on a ventral
source of Wnt, mediated by Wnt8a (Hoppler and Moon, 1998;
Hoppler et al., 1996; Kjolby and Harland, 2017; Shi et al., 2002),
which was supported by the epistatic effect of rab7 knockdown with
ctnnbl knockdown (Fig. SH-L). Furthermore, we could also
demonstrate that rab7 knockdown blocked endogenous Wnt target
gene activation, as monitored using a ventral mesodermal BAR
reporter signal (Fig. S7I). From these experiments, we suggest that
rab7 participates in ventral mesoderm specification, at least partially
as a necessary factor for Wnt target gene activation. This effect on
mesoderm specification was phenocopied by loss of LE-associated
ESCRT factors vps4 and hrs, which are also known to be required for
Wnt pathway activation (Taelman et al., 2010). As we could
demonstrate an additive relationship with loss of rab7 (Fig. 6), we
suggest Rab7 fulfills this role as an endosomal regulator required for
correct LE-mediated Wnt transduction (Dobrowolski and De
Robertis, 2011; Hikasa and Sokol, 2013).

The connection of Rab7 to other signaling pathways - beyond
Wnt activation

Our findings implicate a role of Rab7 for exogenously induced Wnt
activation, and for endogenous ventral mesoderm specification,
probably in a Wnt-dependent function. Yet, some results obtained
with our dorsal analyses might indicate further, potentially Wnt-
independent roles during gastrulation. While dorsal loss of rab7
resulted in subsequent gastrulation and axial elongation defects,
selective downregulation of s/ seems puzzling (Fig. 3). Regulation
of shh in the ventral neural tube is well analyzed (Dessaud et al.,
2008), however, little was reported about the induction and
maintenance of its notochordal expression. Activin was shown to
be able to induce shk in animal caps, but not endogenously in the
mesoderm (Yokota et al., 1995), and we have no evidence for a
participation of Rab7 in TGF-f pathways either. Yet, in the well-
studied limb bud, Wnt7a has been shown to be required for
induction and/or maintenance of shh, offering a potential link to our
observations (Parr and McMahon, 1995; Yang and Niswander,
1995). Another interesting aspect also comes from the limb bud,
where fibroblast growth factor (FGF) signaling was reported both to
induce and to maintain shh expression (Scherz et al., 2004; Vogel
etal., 1996; Yang and Niswander, 1995). FGF signaling is known to
cooperate with Wnt in different contexts, and both are required
additively to induce myf5 in the somitic mesoderm (e.g. Shi et al.,
2002). Thus, if rab7 additionally participated in FGF pathway
activation, this would explain the strong effect on myf5 and myod1
after loss of function (Fig. 4M-R), the partial ability to rescue myf3
and myod1 by LiCl treatment (Fig. 7J-Q), and the differential impact
on nodal3 versus foxjl and thxt (Fig. 4G-L and S-U). The last three
genes depend on Wnt signaling, but only thxt and foxjl have also
been shown to be regulated by the FGF pathway dorsally,
downstream of Nodal3-induced activation of Fgf receptor 1
(Glinka et al., 1996; Schneider et al., 2019; Smith et al., 1995;
Vick et al., 2018; Yokota et al., 2003).

MATERIALS AND METHODS

Xenopus laevis care and maintenance

Frogs were purchased from Nasco (901 Janesville Avenue P.O. Box 901
Fort Atkinson, WI, USA). Handling, care and experimental manipulations
of animals was approved by the Regional Government of Stuttgart,
Germany (V349/18Z0 ‘Xenopus Embryonen in der Forschung’), according
to German regulations and laws (§6, article 1, sentence 2, number 4 of the
animal protection act). Animals were kept at the appropriate conditions
(pH=7.7, 20°C) at a 12 h light cycle in the animal facility of the Institute of
Zoology of the University of Hohenheim. Female frogs (4-12 years old)
were injected subcutaneously with 300-700 units of human chorionic
gonadotropin (hCG; Sigma-Aldrich), depending on weight and age, to
induce ovulation. Sperm of male frogs was gained by dissection of the
testes that was stored at 4°C in 1x MBSH (Modified Barth’s saline with
HEPES) solution. Embryos were staged according to Nieuwkoop and
Faber (1994). Only clutches of embryos from healthy females were used
for the experiments reported here, provided the early embryonic stages
showed normal survival rates as well. Individual embryos from one
batch were randomly picked and used either as control or test specimens. If
control groups displayed unusual developmental defects later in
development, such clutches were excluded as well, based on empirical
judgement.

Lineage-specific microinjections

For lineage-specific experiments, embryos were injected at the four-cell stage
into the marginal (equatorial) region of either both dorsal or both ventral
blastomeres, to target the dorsal or ventro-lateral mesoderm specifically
(Fig. S3A,F). Using a Harvard Apparatus setup, drop size was calibrated to
4 nl per injection. For verification of dorsal-specific or ventral knockdown,
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a lineage tracer (fluorescein-dextran, mGFP mRNA, H2B-GFP mRNA, or -
gal mRNA) was added. For both targeted injections into the dorsal and ventral
mesoderm, embryos were cultivated until early gastrula stages (stage
10-10.5), when the DV axis is easily recognized by dorsal lip formation,
and verified for correct targeting of dorsal or ventral lineages, respectively
(Fig. S3A-J). In dorsal experiments analyzing somitic (paraxial) marker
genes (myodl, myf3), injections were targeted slightly more lateral into the
same blastomere (not shown). For experiments with analyses at mid to late
gastrula (stage 11-12,5), embryos were checked at early gastrula, then fixed
at later stages (Fig. S3D-E”,I-J”). For all targeted knockdown analyses,
embryos of all treatments (uninjected specimens of the same batch, and
control-injected or treatment-injected specimens) were cultivated for exactly
the same time under the same temperature-controlled conditions before
fixation and analysis. Thus, any apparent differences in staging within one
experiment should represent phenotypic alterations caused by the treatment
itself.

Morpholino design and microinjections

The rab7a-5"UTR-/TBMO was designed using the sequence of the S-form
from the genomic sequence as deposited in gene bank (one mismatched base
pair for the L-Form; no binding to X. laevis rab7b mRNA). TBMO-
sequence is 5'-GTCTCCGCTTCCTACCCCTGCCAGC-3'. The rab7a
SBMO was designed using the sequence of the L-Form from the genomic
sequence as deposited in gene bank (three mismatched base pairs for the
S-Form). Splice acceptor site at intron 2 of the rab7a pre-mRNA is targeted
by SBMO (5’-GCCAACCCTAGAATGGAAGATACAA-3’). Further MOs
used in this study were ctnnbl and hrs MO as published (Heasman et al.,
2000; Taelman et al., 2010) or a random co-MO as a MO fill up for epistatic
analyses. Total amounts of injected MOs were: 0.4 pmol ctnnbl MO
(suboptimal dose), 0.8 pmol ctnnbl MO (optimal dose), 1.6-2.0 pmol Ars
MO, 0.7 pmol rab7 TBMO (suboptimal/low dose), 1.0-1.4 pmol rab7
TBMO (optimal dose), 1.4-4.0 pmol rab7 SBMO.

mRNA synthesis and microinjections

Plasmids were linearized with Notl and transcribed in vitro (Sp6
polymerase) using Ambion message machine kit. Drop size was
calibrated to 4 nl per injection. Total amounts of injected mRNA per
embryo are as followed: 80 pg ca-rab7a (Canis lupus) mRNA, 400 pg dn-
vps4 mRNA, 400 pg mGFP mRNA, 400 pg H2B-GFP mRNA, 160 pg
wntS8a mRNA, 400 pg B-gal mRNA.

sgRNA design and microinjections

Two single-guide RNAs were designed for the Xenopus laevis rab7a gene,
rab7 CRNP (S+L), target sequence: 5'-GGTGATGGTGGATGACA-
GATTGG-3’ (on exon 3), and rab7 CRNP (L), target sequence: 5'-
GGGACACAGCTGGGCAGGAA AGG-3' (on exon 4), using the publicly
available ‘CRISPscan’ software. sgRNAs were transcribed with the
MEGAshortscript T7 Kit from synthetic DNA oligomers and purified
with the MEGAclear Transcription Clean-Up Kit (both ThermoFisher).

Oligos for synthesis were: rab7-CRNP (S+L) forward: 5'-GCAGCTAA-
TACGACTCACTATAGGTGATGGTGGATGACAGATGTTTTAGAGC-
TAGAAATAGCAAG -3, rab7 CRNP (L) forward 5'-GCAGCTAATAC-
GACTCACTATAGGGACACAGCTGGGCAGGAAGTTTTAGAGCTA-
GAAATAGCAAG-3’, and general reverse_5-AAAAGCACC-
GACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCT-
TATTTTAACTTGCTATTTCTAGCTCTAAAAC -3'.

Embryos were injected with 1 ng Cas9 protein (PNA Bio) and 300 pg
sgRNA at the one-cell stage and cultivated at room temperature (RT) until
desired stage. DNA was isolated from ten mutant and five control embryos.
For verification of successful genome editing, isolated DNA was proceeded
by RT-PCR and sequenced. Analysis of sequenced DNA was analyzed via
Synthego ICE. PCR-Primers for sequencing were the following: rab7
CRNP(S+L), L-form (FP 5'-AGCCGTATTTCTTTGTTGTGCCA-3’; RP
5’-ATTCCAGGTGCAGTGAGATGT-3’), rab7 CRNP(S+L), S-form (FP
5’-TGAGTGCATTGTGCTGTGTG-3’; RP 5'-CCCCCATTTGAAAACT-
GAAGAGAG-3’), rab7 CRNP(L), (FP 5" ACGGGAGCAGATTTAATA-
GGACA-3’; RP 5’-CTTGGACTCGCCTGGATGAG-3").

PCR-based verification of efficient intron retention for the SBMO
For verification of SBMO, a standard RT-PCR was performed. SBMO was
injected in all four blastomeres of four-cell embryos, cultivated until stage
13, and fixed for RNA isolation. The following PCR primers were used:
forward 5'-CCTCCAGGAATATGCAGGAA-3’; reverse 5'-CTGCATTG-
TGACCAATCTGTC-3'.

Luciferase-based Wnt assay

For Luciferase-based Wnt assay (Promega Dual-Luciferase® Reporter
Assay System), embryos were injected into two animal or ventral
blastomeres at the four-cell stage (80 pg BAR reporter DNA plus 40 pg
Renilla DNA). For exogenously induced reporter activity, embryos were
injected of 240 pg wnt8a mRNA +/— 1.4 pmol rab7 TBMO and cultivated
until stage 10.5, then animal caps were dissected and further processed. For
endogenous analysis, embryos were co-injected with rab7 TBMO,
cultivated until stage 12, then the ventral halves were dissected.
Dissection of tissues was performed in 0.1x MBSH. Extracted tissues (ten
animal caps or ventral halves) were transferred into lysis buffer (Promega)
and incubated for 15 min. Lysates were centrifuged repeatedly for 15 min,
then supernatant transferred in triplets onto a 96-well plate for Luciferase
analysis by the GloMax Explorer system. Relative Luciferase units (RLU in
%) were calculated by the ratio of Luciferase and Renilla values.

In situ hybridization

For in situ mRNA detection, ISH was performed after fixation in MEMFA
for 2-3 h at RT and processed following a customized standard protocol
(Sive et al., 2000; customization after R. Rupp, personal communication).
PCR primer pair for cloning of X. laevis rab7a were: forward: 5'-
ATCAATACGCGTCAACAACC-3'; reverse: 5" ACAGGTGTCAGTATT-
CATTTGG-3'. Cloned full length coding region was sequenced. X. laevis
rab7a shows no significant overlap with rab7b, excluding mixed signals
during ISH. RNA in situ probes were transcribed using SP6 or T7
polymerases.

Axis induction assay

Double axis assay was performed by single injection of 0,8 pg wnt3a
mRNA +/— 0,7 pmol rab7 TBMO into one ventral mesodermal blastomere
at the four-cell stage as described (Beyer et al., 2012). Embryos were raised
until gastrulation or neurula stage. Double axes were scored empirically by
second ventral gsc expression (early gastrula) and for visible induction of
secondary axes (late neurulas).

Embryo sections

For vibratome sections, embryos were embedded in a glutaraldehyde-
crosslinked gelatin-albumin mix and razor-blade sectioned. Hoechst stained
vibratome sections were incubated on microscope slide before imaging
(1:10,000 Hoechst). Bisections of embryos was performed using a razor
blade.

Immunofluorescence analysis

Co-injected fluorescein dextran (70,000 MW, ThermoFisher, D1822) was
used as lineage tracer for dorsal lips in IF analyses. For IF analyses, embryos
were fixed in 4% paraformaldehyde for 1 h at RT, followed by two washes in
1x PBS for 15 min each. For staining of animal caps or bisected specimens,
embryos were manually dissected horizontally or sagittaly after fixation,
transferred to 24-well plates, and washed twice for 15 min in PBST (PBS/
0.1% Triton X-100). After blocking for 2 h at RT in CAS-Block (1:10 in
PBST; ThermoFisher, #008120) blocking reagent was replaced by antibody
solution (diluted in CAS-Block) for incubation ON at 4°C. Antibodies used
were: Bl-Integrin (DSHB 8C8-s; 1:70), MZ15 (DSHB; 1:200). Then
antibody solution was removed and explants washed twice for 15 min in
PBS. Secondary antibodies (ThermoFisher, all 1:1000 in CAS-Block) were
incubated for 2h at RT. Cell borders were visualized using
AlexaFluor™Plus 405 Phalloidin (ThermoFisher A30104) overnight at
4°C (1:100 in PBS-). For photo documentation, bisected embryos or caps
were transferred onto microscope slides or positioned in low melt agarose on
a Petri dish (0.5% low melt agarose in 1x PBS-).
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Photo documentation

LSM images of IF data were taken with a Zeiss LSM 700 Axioplan2
Imaging microscope and then adjusted using the Zeiss Zen 2012 Blue
edition. All other pictures were taken with a Zeiss SteREO Discovery. V12
microscope or an Axioplan2 inverted microscope using AxioVision 4.6.
Afterwards Adobe Photoshop CS6 was used for cropping and careful
brightness adjustments. All figures were arranged using Adobe Illustrator
CSé6.

Statistical analysis

Statistical calculations of marker gene expression patterns were performed
using Pearson’s chi-square test (Bonferroni corrected, if required).
*=P<0.05, **=P<0.01, ***=P<0.001 were used for all statistical
analyses, as well as the declaration N=the number of experiments (i.e.
number of biological replicates of batches of embryos from different
fertilizations), and n=the number of embryos analyzed (i.e. number of
biological replicates of embryos).
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