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Abstract
Background: Embryonic cells and cancer cells share various cellular characteris-

tics important for their functions. It has been thus proposed that similar mecha-

nisms of regulation may be present in these otherwise disparate cell types.

Results: To explore how regulative embryonic cells are fundamentally different

from cancerous cells, we report here that a fine balance of a tumor suppressor pro-

tein Retinoblastoma1 (Rb1) and a germline factor Vasa are important for proper

cell proliferation and differentiation of the somatic cells during embryogenesis of

the sea urchin. Rb1 knockdown blocked embryonic development and induced Vasa

accumulation in the entire embryo, while its overexpression resulted in a smaller-

sized embryo with differentiated body structures. These results suggest that a

titrated level of Rb1 protein may be essential for a proper balance of cell prolifera-

tion and differentiation during development. Vasa knockdown or overexpression,

on the other hand, reduced or increased Rb1 protein expression, respectively.

Conclusions: Taken together, it appears that Vasa protein positively regulates Rb1

protein while Rb1 protein negatively regulates Vasa protein, balancing the act of

these two antagonistic molecules in somatic cells. This mechanism may provide a

fine control of cell proliferation and differentiation, which is essential for regulative

embryonic development.
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1 | INTRODUCTION

Retinoblastoma (Rb1) is a pocket protein family conserved
both in plants and animals.1-3 It plays multiple roles, most
notably, in cell cycle inhibition by serving as a check point
factor4 as well as in suppression of oncogene expression
through its binding to E2F transcription factor.5 In many
human cancer cells, Rb1 is inactivated through its hyper-
phosphorylation or mutations, where Rb1 loses its binding
to E2F. Free E2F then drives transcription of various cell
cycle regulators and oncogenes, promoting cell proliferation

and tumorigenesis. Other targets of Rb1/E2F pathway
include cell fate determinants, of which include: key tran-
scriptional regulators and members of the Notch, fibroblasts
growth factor, Wnt, and TGF-beta signaling pathways.6

Overexpression of those factors under Rb1-inactivation has
been proposed to contribute to plasticity of stem cells or can-
cer cells.2 Furthermore, Rb1 is also reported to function
independent of E2F transcription, and appears to regulate
synchrony of DNA synthesis and centrosome duplication as
well as transcription of mitotic genes.7,8 Rb1 is known to
interact with over 100 proteins, have 15 different phosphory-
lation sites, and have multiple different functions in multipleAna Fernandez-Nicolas and Derek Xu contributed equally to this study.
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types of cells and biological contexts.9 Its dysregulation
often contributes to turmorigenesis, which is why it is most
well known as a tumor suppressor.

More recently, as another potential function of Rb1, it
has been proposed that Rb1 negatively regulates expression
of germline factors in somatic cells. For example, when a
malignant brain tumor was induced in Drosophila by inacti-
vation of lethal (3) malignant brain tumor (l (3) mbt), a
member of the Rb1 tumor suppressor complex, a quarter of
the up-regulated genes turned out to be factors required for
the germline. Inhibition of each of those germline factors
(e.g., vasa, piwi, aubergine, or nanos) halted tumor growth,
suggesting that Rb1-mediated expression of these germline
factors had an essential function in the somatic tumor.10

During embryonic development, on the other hand, Rb1
appears to play a critical role in promoting cell differentia-
tion in several organisms such as Caenorhabditis elegans
and Arabidopsis and its knockout drives overexpression of
germline factors and prevents somatic differentiation.11,12

Thus, Rb1 appears to play a critical role in pluripotency con-
trol through the regulation of germline factors in both cancer
cells and embryonic cells. Based on these observations, we
hypothesize that a fine balance of Rb1 (pluripotency sup-
pressor) and germline factors (pluripotency activators) is
essential for proper pluripotency regulation in the cells, and
that its failure in some cases leads to cancers.

To test this hypothesis, we used the sea urchin, a close
relative to chordates, as our model organism. Its embryo is
transparent, fast developing in culture, well cell fate-
mapped, easy to manipulate, and suitable for microscopy.
Further, and most importantly, it is highly regulative: the sea
urchin embryonic cells are known to remain highly
multipotent and can change their gene expressions and cell
fate regulations in response to environmental cues, which is
critical for embryo's survivability. They also express several
germline factors both in the somatic lineage and the
germline during embryonic development.13-15 The trans-
criptomic database suggests that several oncogenes and Rb1
are highly expressed during early embryogenesis
(echinobase.org). These molecules often expressed in cancer
cells function as essential developmental factors during
embryogenesis, yet it is not entirely clear what mechanism
allows this regulative but non-cancerous cell regulation in
the embryo. In this study, we hypothesize a balanced act of
a pluripotency suppressor (e.g., Rb1) and pluripotency acti-
vators (e.g., germline factors) is critical for controlled plas-
ticity regulation in the embryo. We demonstrate that Rb1
has, indeed, critical roles in orchestrating a fine balance of
cell proliferation and differentiation by regulating the protein
level of Vasa, one of the germline factors in somatic line-
ages, controlling proper embryogenesis.

2 | RESULTS AND DISCUSSION

2.1 | Sea urchin Rb1 and Rb1-like transcripts
are uniformly expressed during early
embryogenesis

Rb1 is a member of the pocket protein family that consists of
three proteins, Rb1, Rb1-like1/p107 and Rb1-like2/p130 in
the human. Through database searches (echinobase.org), we
identified that the sea urchin (Strongylocentrotus purpuratus)
also has three Rb1 and Rb1-like gene orthologs, SpRb1
(SPU_011954), SpRb1-like1 (SPU_004292), and SpRb1-like2
(SPU_003798). The protein sequence alignment (Tables S1
and S2) followed by phylogenetic tree analysis (Figure 1A)
demonstrated that SpRb1 clusters with human/mouse Rb1
protein and SpRb1L2 clusters with human/mouse Rb1-like2
(p130), as predicted in the database. However, SpRb1L1 did
not cluster well with human/mouse Rb1-like 1(p107) due to
lower sequence similarity. SpRb1 protein was also identified
as the most similar to human Rb1 protein with three con-
served structural regions (Table S3): the N-terminus, the cen-
trally located pocket domain, and the C-terminus. Each of
these regions is known to contain multiple protein binding
and phosphorylation sites.16,17 Based on these analyses, we
determined SpRb1 (SPU_011954) as the sea urchin Rb1
ortholog as predicted in the database.

In several temporal gene expression databases (echinobase.
org; http://www.spbase.org:3838/quantdev/),18 expression pat-
terns of Rb1, Rb1-like1 and Rb1-like2 transcripts were all
found to be similar, highly expressed during early embryogen-
esis, and decreased after the blastula stage at 15 hours post fer-
tilization (hpf). Consistent with the temporal expression data,
in situ hybridization (ISH) analysis of each of these genes iden-
tified abundant and uniform distribution of the transcript during
early embryogenesis, and significant decrease after the gastrula
or pluteus stage (Figure 1B,C). The signal for Rb1-like2 was,
in general, found much dimmer compared to that of Rb1 or
Rb1-like1, consistent with the temporal expression data.
Although the biological reason is not clear, Rb1 transcript was
found enriched in the mesenchymal cells after blastula stage,
which was less apparent for Rb1-like1 and Rb1-like2 transcripts
(Figure 1B, arrows). More specifically, those cells appeared to
be a part of the secondary mesenchyme cells, like blastocoelar
cells or pigment cells, based on their location in the embryo,
yet we were unable to distinguish these two cell types due to a
lack of pigmentation in the pigment cells at this early stage of
the embryo in this study. The control embryos hybridized with
each of the sense probes showed no detectable signal under the
same experimental condition, suggesting specificity of the sig-
nal in the experimental groups (Figure 1B,C, negative control).
Since embryos undergo major cell differentiation at Day 2 to
form endomesodermal tissues, Rb1 and Rb1-like1 & 2 genes
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may play more critical roles prior to these major cell differenti-
ation events.

Rb1-like1 and Rb1-like2 are also reported to be involved
in cell cycle regulation in humans. Rb1 is, however, the
most well studied molecule among the Rb1-family proteins
in other organisms because of its frequent mutation in can-
cerous cells as well as dominant function in tumor suppres-
sive and pluripotency regulation.2,19 In this initial report,

therefore, we focused on Rb1 and its functional contribu-
tions to regulative embryonic development in the sea urchin.

2.2 | Rb1-GFP is uniformly distributed in the
embryo during early embryogenesis

To identify Rb1 protein expression patterns during embryo-
genesis, we produced three peptide antibodies against SpRb1

FIGURE 1 Rb1 transcript expression patterns during embryogenesis of the sea urchin. A, A phylogenetic tree of sea urchin (Sp), human and
mouse pocket protein family members. Rb1-like 1 is also called as p107 and Rb1-like2 as p130 in humans and mice. The tree is neighbor-joining
constructed by Clustal omega. B, In situ hybridization images of SpRb1. SpRb1 mRNA (red) was uniformly expressed until blastula stage, and then
became restricted into mesenchymal cells (arrows) after gastrula stage. DNA, blue. The merge is consisted of red, blue, and DIC channels. Images
were taken by confocal laser microscopy. DNA, blue. Scale bars = 10 μm. C, In situ hybridization images of SpRb1-like1 and SpRb1-like2.
SpRb1-like1 and SpRb1-like2 mRNA (magenta) were both uniformly expressed until blastula stage and gradually decreased by pluteus stage. Images
were taken by confocal laser microscopy. The merge is consisted of magenta and blue channels. DNA, blue. Scale bars = 20 μm
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(Rb1-Ab#1–3). Two of these antibodies were designed to
detect the middle Rb1_A pocket domain and the third one
was designed to detect the C-terminal Rb1_B domain (-
Table S3). Each antigen was designed within the amino acid
sequence specific to Rb1 but not within the conserved region
with other Rb1 family proteins such as Rb1-like1 or

Rb1-like2. We first performed immunofluorescence using
each of these antibodies. As a result, the signal was found
uniformly distributed during early embryogenesis and then
enriched into the mesenchymal cells after Day 2 with Ab#1
and #3 (Figure 2A,C), while the signal was rather uniform
throughout development with Ab#2 (Figure 2B). The

FIGURE 2 Rb1 protein distribution patterns during embryogenesis of the sea urchin. A–D, Immunofluorescence results of SpRb1 antibodies
#1–3 (A–C, orange channel) or negative control with no primary antibody (D) in normal embryos. Tubulin (green) and Hoechst/DNA (blue) were
used as a counterstaining to visualize cell and embryo morphology. The antibody #1 showed the most prominent signal in mesenchymal cells (A,
arrows). The antibody #3 also showed some enrichment in the mesenchymal cells (C, arrows), while the antibody #2 showed no signal enrichment
in any specific cell types throughout development. E, Immunofluorescence results of control-MO (1.5 mM stock of MVH-MO) and SpRb1-MO
(1.5 mM stock) embryos at Day 2 detected by SpRb1 antibody #1 (orange). The signal in the mesenchymal cells in the control group (arrows) was
lost in the SpRb1-MO group. Images of A-E were taken by confocal laser microscopy with the same laser setting throughout of the samples.
Orange, Rb1; Green, Tubulin; Blue, DNA. Scale bars = 20 μm. F, Immunoblot results of control-MO (1.5 mM stock of MVH-MO) and Rb1-MO
(1.5 mM stock) embryos at Day 2 detected by SpRb1 antibody #1. In the control group (left lane), SpRb1 antibody #1 detected a major band at the
predicted size of 88 kDa. This signal was reduced by Rb1-MO (right lane). Actin (42 kDa) was used as a loading control

1276 FERNANDEZ-NICOLAS ET AL.



negative control group with no primary antibody showed no
detectable signal, suggesting the signal specificity of
Rb1-Abs (Figure 2D).

The signal distribution of Rb1 Ab#1 appears to be more
consistent with that of the SpRb1 transcript that showed

specific enrichment in mesenchymal cells after Day 2. There-
fore, we focused on the Rb1-Ab#1 and tested if morpholino
antisense oligo against SpRb1 (SpRb1-MO) diminishes the
signal in the mesenchymal cells. As a result, introduction of
Rb1-MO, but not control-MO, reduced the Rb1-Ab#1 signal

FIGURE 3 Legend on next page.
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in mesenchymal cells, suggesting the specificity of the
Rb1-MO as well as of the Rb1 Ab#1 (Figure 2E). These
similar results were obtained by immunoblot, yet multiple
bands showed up even in the control group (Figure 2F). This
is consistent with other polyclonal Rb1 antibodies that were
made for other organisms that are commercially available.
These multiple bands may be due to modifications/break-
down of the Rb1 protein or cross-reactivity with other pro-
teins, which need to be tested further in the future.
Furthermore, the Rb1 protein signal in these embryos was
found mostly in the cytoplasm rather in the nucleus through-
out early development. Although Rb1 is known to be present
both in the cytoplasm and in the nucleus of many organisms,
it is expected to localize in the nucleus for its best-identified
role in transcriptional repression of E2F or other transcrip-
tion factors. Thus, the cytoplasmic Rb1 may be simply
stored inactive and/or may have distinct functions from its
roles in the nucleus in these embryos. A similar cytoplasmic
Rb1 expression has been also reported in Drosophila
embryo,11 suggesting that cytoplasmic localization of Rb1
may be conserved among embryos of various organisms.
Testing its possible cytoplasmic function during embryogen-
esis might be important in the future.

2.3 | Rb1 functions in cell differentiation
during embryogenesis

Next, we tested how Rb1 functions during embryogenesis of
the sea urchin by introducing Rb1-MO into fertilized eggs.
In these Rb1-knockdown (kd) embryos, 83.13% of the
embryos failed in gastrulation, whereas 100% of the control
embryos successfully gastrulated at Day 2 (Figure 3A,A0).
This Rb1-kd phenotype was rescued by co-introduction of
Rb1-MO with a titrated level of Rb1-GFP mRNA (1.5 μg/μl
stock) (Figure 3A–A00, rescue). These results further suggest
the specificity of Rb1-MO as well as the functionality of
Rb1-GFP mRNA in the embryo. The genome editing tech-
nology (e.g., CRISPR/Cas9 system) was not used in this

study as a knockdown approach because of the maternal
load of Rb1 mRNA during early embryogenesis of the sea
urchin.20,21 This alternative approach will be, however,
important to test these Rb1-knockdown phenotypes in the
larval stage in the future. Overexpression (OE) of Rb1-GFP
(2 μg/μl stock), on the other hand, caused smaller-sized
embryos compared to the controls injected with Vasa-GFP
mRNA, which is known to cause no phenotype14,22 at Day
2 (Figure 3B,B0). These embryos constructed differentiated
body parts such as mouth, esophagus, gut and anus
(Figure 3C, arrows) yet remained smaller in size even at Day
6–8, which may be due to smaller number of cells in the
embryo. Taking all of these results together, Rb1-kd appears to
compromise progression of development (e.g., gastrulation),
resulting in embryos with not fully differentiated cells. On the
contrary, Rb1-OE may progress tissue formation to some
extent yet without sufficient numbers of cell divisions, resulting
in the smaller size embryos.

To gain an insight if Rb1 indeed impacts expression of
any fate determinants, we analyzed mRNA expression levels
of several developmental markers at Day 1 (23–26 hpf) in
Rb1-MO and Rb1-OE embryos, respectively. These markers
include Wnt8, Alx1, Glial Cell Missing (GCM), and Flavin-
containing monooxygenase3 (FMO3) (Figure 3D). Wnt8 is
highly expressed in the vegetal blastomeres during early
embryogenesis for endomesoderm specification.23 Alx1
expresses the highest at Day 1 in the mesoderm lineages and
is essential for skeletogenic cell specification.24 GCM24 and
FMO325 both express the highest after Day 2 in the meso-
derm lineages, and are important for secondary mesenchyme
cell specification and pigment compound biosynthesis,
respectively. We found that Wnt8 and Alx1 expressions were
less impacted, yet that the pigment cell markers GCM and
FMO3 were down-regulated by Rb1-MO and up-regulated
by Rb1-OE, respectively (Figure 3D0). Since both Rb1 tran-
script and protein appear to be enriched into mesenchymal
cells after Day 1 (Figures 1B and 2A), these results suggest
that Rb1 may have specific functions in pigment cells.

FIGURE 3 Rb1 knockdown compromised development while Rb1 overexpression prematurely progressed development of the embryo. A–A00,
Rb1-MO inhibited gastrulation, and this phenotype was rescued by co-introduction of Rb1-GFP mRNA at 98.2% as shown in the graph (A00). ( )
indicates the total number of gastrulated embryos counted for each group at Day 2. DNA (blue), Rb1-GFP protein (green), Dye (red) and Bright-
field. Images were taken by confocal laser microscopy. (A0) indicates a construct design of Rb1-GFP. Scale bars = 20 μm. B and B0, Rb1-GFP
overexpression induced the smaller-sized embryos compared to the controls (Vasa-GFP embryos) at Day 2. The embryo size (length and width in
pixels) was measured by Image J (n = 7 for Vasa-GFP and n = 9 for Rb1-GFP) as shown in the drawing on the right (A0). Images were taken by
fluorescent microscopy. Scale bars = 20 μm. C, The Rb1-GFP embryos at Day 2 and Day 6. Upper arrow indicates the differentiated body structure
of fore-gut, the arrow in the middle indicates the middle-gut and the last arrow marks the hind-gut. Hoechst (blue), Rb1-GFP (green), and Bright-
field. Images were taken by confocal laser microscopy. Scale bars = 20 μm. D, Temporal mRNA expression pattern of each gene of interest is
shown in the graph. The data was extracted from echinobase.org. X-axis indicates hours post fertilization (hpf). Images were taken by confocal laser
microscopy. Scale bars = 20 μm. D0, RT-qPCR results of Wnt8, Alx1, Glial Cell Missing (GCM), or Flavin-containing monooxygenase 3 (Fmo3)
expression in the control, Rb1-MO and Rb1-GFP OE embryos at Day 1 (23–26 hpf). Copy number of each gene expression was normalized by that
of ubiquitin, a housekeeping gene, to obtain the relative expression value. The relative value was then divided by that of the control to obtain the
final relative value. Each graph was a combination of the four independent experimental results. Data are presented as mean ± SEM. *P < .05
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2.4 | Rb1 knockdown induced Vasa
accumulation in the entire embryo

To test if the Rb1-kd drives overexpression of the germline
factors as seen in other organisms,10,11,26 we analyzed the
expression levels of Vasa and Nanos 2, representative

germline markers present in various organisms at Day
1 (23–26 hpf). In the sea urchin embryo, Vasa mRNA is
maternally present and becomes gradually restricted into the
germline after blastula stage,27 while Nanos2 mRNA expres-
sion is more transient and starts after 32-cell stage in the

FIGURE 4 Legend on next page.
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germline and decreases by Day 2. Both genes are considered
to be important for germline specification and/or mainte-
nance.27,28 As a result, however, Nanos2 mRNA level was
found to be down-regulated by Rb1-kd (Figure 4A). One
report suggests that Nanos transcription is directly up-
regulated by Rb1 inactivation in Drosophila,29 which is
inconsistent with our result in this sea urchin embryo. Fur-
ther investigation is thus needed in the future to reveal the
underlying mechanisms of Rb1-mediated transcriptional reg-
ulation in this organism.

Vasa mRNA level was, on the other hand, was unchanged
by Rb1-kd (Figure 4A), which is consistent with a previous
report that showed Vasa up-regulation not at the transcript
level but only at the protein level in Drosophila brain
tumor.10 We, therefore, tested if Rb1-kd increases Vasa pro-
tein expression level. In the sea urchin embryo, Vasa protein
is uniformly present until 8-cell stage and then becomes
restricted into the micromeres at the 16-cell stage and into the
future germline (Figure 4B, arrows).14 In the Rb1-MO
injected embryos, Vasa protein accumulated everywhere in
the entire embryo at the 16-cell stage (Figure 4B). This
ectopic accumulation of Vasa continued, and the embryos
appeared highly disorganized at blastula stage. These results
suggest that Rb1 regulates Vasa at the protein level in the sea
urchin embryo, as seen in Drosophila. The consistent obser-
vations in these distantly related organisms suggest that Vasa
may not be a direct target of Rb1 for transcription, but rather
functions in parallel as Rb1's counterpart. Additionally, a sig-
nificant fluctuation of Vasa mRNA expression was found in
these Rb1-MO embryos among five different batches of ani-
mals we tested in this work (Figure 4A0). This fluctuation
was never seen in Nanos mRNA expression and may reflect
a dynamic regulatory response against ectopic accumulation
of Vasa protein in these Rb1-kd embryos. The detailed regu-
latory mechanism in this process is, however, unknown and
needs to be tested in the future.

In the sea urchin embryo, Vasa protein restriction into
the germline is regulated by its active protein degradation in
the somatic lineages.22 In normal development, simple Vasa
mRNA introduction results in only more active degradation
of the Vasa protein in the soma, leading to no extra Vasa
accumulation or developmental defects.14,15 Therefore,
Vasa protein accumulation in the Rb1-MO embryos was
likely caused by a lack of Vasa protein clearance in the
somatic lineage. If this is true, Vasa mRNA introduction
under the Rb1-kd condition may cause over-accumulation
of Vasa protein in the soma. To test this, we co-introduced
Vasa-GFP mRNA and fluorescent red dye into the fertilized
eggs in the presence or absence of Rb1-MO (Figure 4C). In
the presence of Rb1-MO, the resultant embryos showed
compromised Vasa enrichment in the micromeres and gas-
trulation as expected (Figure 4C,C0). In those embryos, the
level of Vasa protein accumulation was measured by the
GFP signal (green), while the injection amount of Vasa-
GFP mRNA was measured by the dye signal (red). Vasa
protein level was indeed found increased by Rb1-kd, com-
pared to the control embryos without Rb1-MO introduction
(Figure 4C00). These results suggest that Rb1 is responsible
for the clearance of Vasa protein in the somatic lineages
during embryogenesis.

One remaining question is that the Rb1 mRNA, as well
as its protein, appear to be uniformly present in the micro-
meres and the germline, yet Vasa is accumulated in this
lineage in normal development. Therefore, another mecha-
nism that inactivates Rb1 and/or that drives extra Vasa pro-
tein production in the germline might be present in this
embryo. Since Rb1 is known to undergo extensive post-
transcriptional and post-translation modifications as well as
interact with over 100 different proteins for multiple differ-
ent functions in different cell types,9 it is highly possible
that Rb1 is under different regulation in the germline.

FIGURE 4 Rb1-knockdown induced Vasa accumulation in the entire embryo. A-A0, RT-qPCR analyses of Vasa and Nanos2 in the control and
Rb1-MO embryos at Day 1 (23–26 hours post fertilization). Copy number of each gene expression was normalized by that of ubiquitin to obtain the
relative expression value. The relative value was then divided by that of the control to obtain the final relative value. Each graph was the
combination for the five or more independent experimental results. (A0) shows the individual data points used in (A). Data are presented as mean
± SEM. *P < .05. B, Vasa immunofluorescence of the control-MO (16-cell stage, n = 60; blastula stage, n = 65) and Rb1-MO (16-cell stage
n = 50; blastula stage, n = 72) embryos. Images were taken by confocal laser microscopy. Scale bars = 20 μm. C, Live imaging of Vasa-GFP
expressing embryos (control) and Vasa-GFP mRNA + Rb1-MO at 16-cell, blastula and gastrula stages. In the control group, the Vasa signal was
enriched in the micromeres at the 16-cell stage, and in the germline at blastula and gastrula stages (upper panels, arrows). This enrichment of Vasa
was diminished in the experimental group (lower panels). A dashed circle and an arrow indicate a lack of Vasa in the micromere and the germline,
respectively. Images were taken by fluorescence microscopy. Dye (red), Rb1-GFP (green), and Bright-field. Images were taken by fluorescent
microscopy. Scale bars = 20 μm. C0, Introduction of Vasa-GFP mRNA + Rb1-MO compromised gastrulation (left graph) and Vasa enrichment in
the micromeres (right graph). ( ) indicates the total number of embryos counted for each phenotype at Day 2 or at 16-cell stage, respectively. C00,
The relative level of Vasa-GFP expression in the Vasa-GFP (control) and in Rb1-MO + Vasa-GFP (experimental) embryos at 16-cell, blastula and
gastrula stages. The level of GFP signal was normalized by that of dye signal. ( ) indicates the total number of the embryos measured for each group
at 16-cell stage, Day 1, and Day 2, respectively
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2.5 | Vasa positively regulates Rb1 protein
expression

Vasa is an RNA-helicase and is implicated in translational
regulation.30 In the sea urchin, other than its function in the
germline, Vasa functions in cell cycle progression and is
responsible for ~80% of general protein synthesis in the

entire embryo.15 Therefore, we speculate that Rb1 may be
also one of the Vasa's targets for mRNA translation. To test
this hypothesis, we overexpressed or knocked down the
Vasa protein and analyzed if each of those manipulations
up-regulate or down-regulate Rb1 protein level, respectively
(Figure 5A,B). As mentioned above, Vasa protein level is

FIGURE 5 Vasa positively regulates Rb1 protein expression. A–B0, Live imaging of Rb1-GFP embryos treated with DMSO (control; upper
panels) or with MG132 (lower panels) at Day 1 (A and A0). Live imaging of Rb1-GFP (control; upper panels) or Rb1-GFP + Vasa-MO (lower
panels) embryos at Day 1 (B and B0). The graphs indicate the relative Rb1-GFP expression level in each embryo group (A0 and B0). The total level
of Rb1-GFP was normalized by that of the dye to obtain the relative Rb1-GFP expression level using Image J. ( ) indicates the total number of
embryos analyzed for each group at Day 1. Dye (red), Rb1-GFP (green), and Bright-field. Images were taken by fluorescent microscopy. Scale
bars = 20 μm. C, A hypothetical model for Rb1 function in embryonic development. Rb1 facilitates cell differentiation by negatively regulating
Vasa protein while Vasa positively regulates Rb1 protein, maintaining a fine balance of cell proliferation and differentiation in the somatic lineages
during embryogenesis
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controlled by its protein degradation. Therefore, we blocked
Vasa protein degradation by treating the Rb1-GFP
expressing embryos with MG132, a specific proteinase
inhibitor previously demonstrated to induce Vasa accumula-
tion in the sea urchin embryo.22 The level of Rb1-GFP pro-
tein expression (green) was then normalized to the amount
of Rb1-GFP mRNA injected (red dye) to determine the rela-
tive value of Rb1 protein expression level in the resultant
embryos. As a result, in the MG132-treated group, the rela-
tive Rb1 protein level was found to be increased compared
to that of the DMSO-treated control group (Figure 5A–A0).
Similarly, the relative Rb1 protein expression level was mea-
sured in the presence or absence of Vasa-MO that was previ-
ously shown to specifically block endogenous Vasa protein
synthesis.14 In Vasa-kd embryos, the Rb1 protein level was
found to be reduced compared to that of the control embryos
(Figure 5B–B0). Although we could not exclude the possibil-
ity that both MG132 and Vasa-MO only indirectly affected
Rb1 protein expression levels in this work, these results con-
sistently suggest a possibility that Vasa positively regulates
Rb1 protein expression as one of its targets.

2.6 | A fine balance of Rb1 and Vasa activities
is critical for regulative but non-cancerous
embryonic cell regulation

In this report, we demonstrated that Rb1 is uniformly
expressed and responsible for facilitating proper embryogen-
esis when the cells are still undifferentiated in the sea urchin.
During this early time frame, a germline factor Vasa is also
uniformly expressed and appears to be responsible for facili-
tating pluripotency in this embryo.15 Our results suggest that
Vasa positively regulates Rb1 protein expression while Rb1
negatively regulates Vasa protein accumulation, and that
expressions of both molecules decrease as development pro-
ceeds. These observations suggest that Vasa and Rb1 antag-
onistically regulate each other in the somatic lineage of the
early embryo (Figure 5C). Although this mechanism may
not be applicable in the germline, in the somatic lineage, this
antagonistic relationship of Rb1 and Vasa appears to be criti-
cal for controlling a fine balance and timing of cell prolifera-
tion and differentiation during early embryogenesis of the
sea urchin. Indeed, in this study, Rb1-kd resulted in exces-
sive Vasa protein accumulation in the entire embryo, mim-
icking tumorigenic cell development reported in other
organisms.10,11 Perhaps, during early embryonic cell specifi-
cations, Rb1 serves as pluripotency suppressor while the
germline factors serve as pluripotency activators, and a fail-
ure of this fine balance causes developmental failure, or in
some cases tumorigenesis. This concept may help us under-
stand the mechanisms of controlled pluripotency/plasticity
regulation in embryonic cells, which is distinct from

uncontrolled plasticity of cancerous cells even though a sim-
ilar set of molecules is involved in regulation of both cell
types. The further mechanistic studies on how Rb1 and Vasa
(and other germline factors) may directly interact with each
other for embryonic cell regulation will be critical for under-
standing the fundamental mechanisms of controlled plastic-
ity in embryonic cells.

3 | EXPERIMENTAL PROCEDURES

3.1 | Animals and embryo cultures

S. purpuratus were obtained from Pat Leahy, Kerchoff
Marine Laboratories, California Institute of Technology or
by Josh Ross, South Coast Bio-Marine LLC., Long Beach,
California. Females were shed by KCl (0.5 M) injection. Sea
urchin eggs were de-jellied with the pH 4 seawater for
10 minutes and prepared for fertilization. Eggs were fertil-
ized in 1 mM 3-aminotriazol (Sigma, St. Louis, Missouri) to
prevent the cross-linking of fertilization envelopes. Fertilized
eggs were cultured in seawater at 16�C in petri dishes until
desired developmental stage.

3.2 | Generation of plasmid constructs and
in vitro transcription

All constructs were prepared in the pSP64 vector that was
optimized for in vitro transcription. SpVasa-GFP fusion con-
struct was previously made in Gustafson et al. (2011).22

Since we had a technical difficulty in cloning the entire frag-
ment of SpRb1 (SPU_011954) through a single PCR of the
S. purpuratus cDNA library, the open reading frame (ORF)
of SpRb1 was amplified as two pieces using the following
primer sets designed within the N-terminal half and the C-
terminal half of SpRb1, respectively: SpRb1-N (F-ATGG
ACGAGAGTGTAGCCAATGTT, R-GAGGCTTGAACCC
CTACCTCAC) and SpRb1-C (F-GAGGTAGGGGTTCAA
GCCTCAGAG, R-AGAATGTACTTACCGAGATGCTC).
Each of the amplified fragments was then sequenced and
confirmed to be a match with the annotated SpRb1 sequence
in the database. To make Rb1-GFP fusion construct, using
the above sequencing results as well as the database, a
gBlock fragment (IDT) that contained the entire SpRb1 ORF
was prepared and inserted at ApaI and EcoRV sites of the
pSP64-GFP vector to construct SpRb1-GFP. Subcloning
reaction was designed to be in frame with GFP and con-
ducted by following the In-Fusion HD Cloning Kit
(Clonetech) protocol. For in vitro transcription, all plasmids
were linearized with SalI restriction enzyme and subject to
in vitro mRNA synthesis by following the protocol of
mMESSAGE mMACHINE SP6 kit (Thermo Fisher Scien-
tific, #AM1340).
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3.3 | Morpholino design and injection

Morpholino was made by Gene Tools (Oregon) and was
designed in the 50UTR region of SpRb1 (AAACATTG
GCTACACTCTCGTCCAT). A control morpholino was
designed against mouse Vasa (MVH, TAGCTTCAGGTT
CCTCTCCGCTCCA) that should not bind to the sea urchin
mRNAs. The stock concentration of 1.5 mM MO was found
to be most effective in showing the gastrulation defect phe-
notype that was rescued by co-introduction of Rb1-GFP
mRNA, and thus used in this study unless indicated sepa-
rately. Injection of MO and/or mRNA was performed as
described previously.31 Approximately 6 pl of 1.5 mM stock
MO and/or 1–2 μg/μl mRNA along with a fluorescent red
dye (Dextran, tetramethylrhodamine, 3000 MW, anionic.
Ref#D3307) were injected into fertilized eggs. The number
of embryos expressing GFP was counted at 16-cell, blastula
and/or gastrula stages. The total number of injected embryos
was determined using injection dye as a marker. Phenotypes
were counted by examining the morphology and/or GFP-
expression of the embryos in live by fluorescence micros-
copy (AXIO Vert.A1, Zeiss).

3.4 | RNA whole-mount in situ hybridization

For fluorescent whole amount ISH, we followed the protocol
outlined in Andrikou et al.32 The fluorescent signal was
developed with fluorophore-conjugated TSA cyanine
3 (1:400 reagent diluents, Perkin Elmer, ref#NEL760001
KT). Labeled probes were in vitro transcribed from linear-
ized DNA with digoxigenin-11-UTP (Roche). Since little
overlap was seen among the nucleotide sequences of SpRb1,
SpRb1-like1 and SpRb1-like2, the probe for each gene was
designed to cover the majority of the ORF using the follow-
ing primers: SpRb1 (F-CCACTTACTGCGTGCTTCAA, R-
GAGGCTTGAACCCCTACCTC), SpRb1-Like1 (F-GACA
AGCTGTGTGAGGTCCA, R-TGCAGGATAGCCTCTTC
GAT) and SpRb1-Like2 (F-TCCGAGGAGATCGTGCTGA
CTAC, R-CGATCGTGATCGCCGTTTTTC). Template of
the probe was sequenced prior to probe generation and
cloned in the pGEM-T Easy Vector (Promega, Madison,
Wisconsin) for subsequent in vitro transcription using either
SP6 or T7 MEGAscript Transcription kit (Thermo Fisher
Scientific, #AM1330 or AM1333). Hoechst 33342 Solution
(ThermoFisher, ref#62249) was used as a counter-staining at
a final concentration of 0.1 mg/ml. Samples were imaged
with Olympus FV3000 confocal microscope.

3.5 | SpRb1 antibody production and
immunoblotting

Three affinity purified peptide antibodies against SpRb1
were made in rabbit by GenScript (Piscataway, New Jersey)

with the following antigen sequences: #1-CMLIKEEKRLST
SDF; #2-CFVKNEPRLTEEARK; #3-CTYKNVYMGEGK
ESA. The exact location of each antigen sequence within
SpRb1 is indicated in Table S3. Immunoblot was performed
as described previously.33 Briefly, 2 μl each of embryonic
lysate made from Day 2 embryos was run on a 10% poly-
acrylamide gel (Lonza, Rockland, ME) and transferred to
nitrocellulose membranes for immunoblotting with rabbit
polyclonal SpRb1 antibody #1–3 each or with mouse mono-
clonal β-actin antibody (Cell Signaling Technology, #3700)
at 1:2000 followed by HRP-conjugated anti-rabbit (Cell Sig-
naling Technology, #7047) or anti-mouse secondary anti-
body (Cell Signaling Technology, #7076), respectively. The
reacted proteins were detected by incubation in a chemilumi-
nescence solution (1.25 mM luminol, 68 μM coumeric acid,
0.0093% hydrogen peroxide and 0.1 M Tris pH 8.6) for
1–10 minutes, exposed to film and developed. Each experi-
ment was performed at least two independent times.

3.6 | Immunofluorescence

Immunofluorescence was performed as previously described
in Yajima et al.31 and Yajima and Wessel.14 Embryos were
fixed with 90% Methanol for 1 hour at −20�C, rinsed with
PBS, incubated with the primary antibody overnight at 4�C
and with secondary antibody for 3 hours at room tempera-
ture. Affinity purified primary antibodies were used at 1:100
for each of anti-SpRb1 antibodies #1–3 and 1:200 for anti-
Vasa.14 Cy3 goat anti-rabbit immunoglobulin G (IgG) anti-
body (Life Technologies, ref#A10520) was used as a sec-
ondary antibody at 1:200. Fluorescent images were taken by
confocal laser microscopy (Olympus FV3000) or by fluores-
cence microscopy (AXIO, Vert.A1, Zeiss).

3.7 | Quantitative RT-PCR

RT-PCR was performed with the following primer sets:
SpVasa (SPU_008908): F-TCAACTACGACCTCCCAA

GC & R-TCTCGCAATGTTAGCATCCTT; SpFmo3 (SPU
_017374): F-TTCATCCCTCCCATCCCCTA & R-CTGCC
AGACGTTCATGATGG; SpGCM (SPU_006462): F-CAC
AGACACGAGAGGCCTAA & R-ACGGATATGTGAGC
GGAGAG; SpWnt8 (SPU_020371): F-TGTCGTTCATTCA
AGCCATC & R-TATCACTCGCCATTCGTTCA; SpNano
s2 (SPU_003591): F-GCAAGAACAACGGAGAGAGC &
R-CCGCATAATGGACAGGTGTA; SpAlx1 (SPU_0253
02): F-GCTTGATGAATCTGGCAATG & R-CTCCTCTTT
GGCTTACTGAAGG; SpUbi-F (SPU_000014): F-CAC
AGGCAAGACCATCAC & R-GAGAGAGTGCGACCAT
CC. Embryos at the desired developmental stage were col-
lected and subject to total RNA extraction with Arcturus
PicoPure, RNA Isolation Kit (Thermo Fisher Scientific).
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The cDNA library was made by SuperScript IV (Thermo
Fisher Scientific), and 0.5 μl each of cDNA was used for
quantitative PCR (qPCR) reactions. qPCR was performed
on the 7300 Real-Time PCR system (Applied Biosystems,
Foster City, California) with the Luna Universal qPCR Mas-
ter Mix (New England BioLabs, Inc.). Data for each gene
was normalized against ubiquitin levels.

3.8 | MG132 treatment

The 12 hpf morula stage embryos injected with 1.5 μg/μl
Rb1-GFP mRNA were cultured with 10 μM MG132 (Z-
Leu-Leu-Leu-CHO; Enzo Life Science International, Inc.,
Plymouth Meeting, Pennsylvania) or with 0.5% Dimethyl
sulfoxide (DMSO) as negative controls at 16�C for 8 hours.

3.9 | Fluorescent intensity analysis

Fluorescent images were taken using Metamorph imaging
software (Universal imaging Corporation, Downington, Penn-
sylvania). The exact same acquisition setting with the fixed
exposure time and gamma was used for each channel
throughout all sample groups for each cycle of the experi-
ments. The control and experimental groups were prepared
and imaged at a time for each cycle of experiments to mini-
mize technical and batch variations. The obtained images
were then analyzed for average intensity measurement using
Image J, by selecting a region of interest (e.g., the whole
embryo) for each channel. The value of GFP fluorescence
was then normalized by that of dye fluorescence to obtain a
relative value for each sample, and the average of those rela-
tive values was presented for each sample group in the graph.
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