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DEVELOPMENTAL BIOLOGY

The gene regulatory system for specifying germ layers
in early embryos of the simple chordate

Miki Tokuoka', Kazuki Maeda?, Kenji Kobayashi', Atsushi Mochizuki?, Yutaka Satou'*

In animal embryos, gene regulatory networks control the dynamics of gene expression in cells and coordinate
such dynamics among cells. In ascidian embryos, gene expression dynamics have been dissected at the single-cell

resolution. Here, we revealed mathematical functions that represent the regulatory logics of all regulatory genes
expressed at the 32-cell stage when the germ layers are largely specified. These functions collectively explain the
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entire mechanism by which gene expression dynamics are controlled coordinately in early embryos. We found
that regulatory functions for genes expressed in each of the specific lineages contain a common core regulatory
mechanism. Last, we showed that the expression of the regulatory genes became reproducible by calculation and
controllable by experimental manipulations. Thus, these regulatory functions represent an architectural design
for the germ layer specification of this chordate and provide a platform for simulations and experiments to under-

stand the operating principles of gene regulatory networks.

INTRODUCTION

The principles by which gene regulatory networks (GRNs) control
gene expression in individual cells remain incompletely understood.
In particular, in multicellular organisms, GRNs in individual cells
are connected with one another through cell-cell interactions and
constitute a large GRN, which governs gene expression in individual
cells of an organism. For this reason, a platform making it possible
to simulate the operating principles of a whole system at the single-
cell resolution is necessary to understand how GRN dynamics
are regulated.

Early embryos of ascidians, which are invertebrate chordates, are
simple and provide a unique opportunity for understanding such
principles of GRN dynamics at the whole-embryo level. At the 32-cell
stage, germ layers are largely specified and neural induction occurs
(Fig. 1A) (1, 2). A comprehensive in situ hybridization assay (3) has
revealed that 13 genes encoding regulatory factors (transcription fac-
tors and signaling molecules) begin to be expressed zygotically in nine
different patterns at the 32-cell stage (hereafter called as downstream
genes). Because seven maternal transcription factors begin to regu-
late 14 genes between the 8- and 16-cell stages (3-8), the regulatory
factors encoded by these 14 regulatory genes, together with seven
maternal factors, regulate gene expression at the 32-cell stage (see
Fig. 1, B and C; note that one possible upstream factor, Wnttun5, is
not included in Fig. 1B). Because all regulatory genes have been ex-
amined in these comprehensive assays, we can expect that the whole
regulatory system in early embryos will be clarified by analyzing these
regulatory genes. However, regulatory interactions among upstream
factors and downstream genes, which have been revealed by previous
studies (2, 4, 9-13), do not provide sufficient information to repro-
duce GRN dynamics in every cell of 32-cell embryos.

In the present study, we reveal the regulatory logics of the 13 down-
stream genes that are expressed in 32-cell embryos of the ascidian
(Ciona robusta, also called as C. intestinalis type A) as mathematical
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functions to predict and control gene expression. Empirically, in early
ascidian embryos, gene regulatory mechanisms can be explained in
a qualitative manner (14), and therefore, regulatory functions may
be represented as Boolean functions. We succeeded in representing
mathematical functions describing how each of the 13 downstream
genes is regulated by 21 upstream factors as Boolean functions.

RESULTS

Regulatory functions that govern gene expression at

the 32-cell stage

The distribution of the upstream factors shown in Fig. 1B is based
on observations in previous studies (5-7, 9, 12, 13, 15-21) (Supple-
mentary Text), and expression patterns of the downstream genes
shown in Fig. 1C are based on in situ hybridization in a previous
study (3). Our purpose here is to obtain Boolean functions describing
how 13 downstream genes are regulated by 21 upstream factors.
Regulatory functions are directly given in the form of truth tables T"
of expression patterns of 21 upstream factors (7 maternal factors and
14 zygotic factors) and each of the 13 downstream genes (Fig. 2A).
However, each T" contains 2,097,152 (=22!) conditions, and it is
practically difficult to completely fill the truth tables. To overcome
this problem, we first excluded Ets1/2, T cell factor 7 (Tcf7), GATA
binding protein a (Gata.a), and posterior end mark 1 (Pem1) from our
analysis because we did not need to consider these upstream factors
explicitly; Ets1/2 acts as an effector of the mitogen-activated pro-
tein kinase (MAPK) pathway, which is regulated positively by fi-
broblast growth factor 9/16/20 (Fgf9/16/20) signaling and CA-Raf
(constitutively active Raf) and negatively by Ephrin A-d (Efna.d)
signaling (4, 15, 22); Tcf7 acts as a positive regulator with nuclear
B-catenin; Gata.a acts as a positive regulator in cells in which the nu-
clear B-catenin is not present (7, 13); and Pem1 always represses tran-
scription by suppressing the function of RNA polymerase II (16, 17)
(we did not consider the most posterior germline blastomeres where
Pem1 is localized and transcriptionally silent, either). Wnttun5, a
tunicate-specific Wnt ligand, was also excluded; this signaling ligand
controls the orientation of cell divisions, and it is not likely that this
ligand directly regulates gene expression (18). Consequently, the num-
ber of upstream factors was reduced to 16.
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Fig. 1. Gene expression patterns in early Ciona embryos. (A) Schematics of a
bisymmetrical 32-cell embryo. Cells are largely specified to two ectodermal fates,
vegetal marginal (largely mesodermal) fate and vegetal central (largely endodermal)
fate, which are shown by different colors. (B) Possible upstream factors of genes ex-
pressed in 32-cell embryos. Cells where each upstream factor is expected to act are
shown in cyan. We do not explicitly consider Ets1/2, Tcf7, Gata.a, Pem1, or the most
posterior germline cells where Pem1 is localized (asterisks; see main text and Supple-
mentary Text for details). Nine transcription factors encoded by genes expressed at
the 16-cell stage are expected to act at the 32-cell stage in daughters of cells with
their mRNAs. In addition, five signaling ligands act in 32-cell embryos. Fgf9/16/20
and Efna.d regulate the MAPK pathway positively and negatively, respectively. Cells
in which they act have been determined by staining of doubly phosphorylated extra-
cellular signal-regulated kinase in wild-type and Efna.d morphant embryos (18). Cells
in which anti-dorsalizing morphogenetic protein (Admp) and growth differentiation
factor 1/3-related (Gdf1/3-r) act have been inferred from a combination of experiments
and mathematical analysis (79). Note that Efna.d is a cell membrane-bound protein
transmitting the signal in a contact-dependent manner and that all cells are in direct
contact with cells expressing Fgf9/16/20 and Gdf1/3-r (27). See main text and Sup-
plementary Text for details. (C) Expression of downstream genes that initiate expres-
sion at the 32-cell stage. Cells where each gene is expressed are colored.
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Fig. 2. Boolean representation of regulatory logics of genes that initiate expres-
sion at the 32-cell stage. (A) From partial truth tables T” with missing values, disjunc-
tive normal forms (DNFs) are inferred on the basis of experiments. We repeated
experiments, in which one or more upstream factors were down-regulated, until an
exhaustive search successfully identified a unique candidate DNF. (B and C) Intuitive
explanation of the method to infer DNFs. In this hypothetical system, three upstream
factors, A, B, and C, are expressed and possibly regulate the gene X. (B) Given a com-
plete truth table, the corresponding regulatory function in the DNF can be deter-
mined. Conversely, given a regulatory function in the DNF, the corresponding truth
table can be determined uniquely. (C) Estimation of DNFs corresponding to a partially
given truth table. First, among all 27 possible conjunctions, conjunctions inconsistent
with one or more cases of X=1 are excluded (magenta). Second, conjunctions that do
not explain any case of X=1in the partial truth table are also excluded (cyan). If any
single conjunction in the remaining set does not fully explain the partial truth table,
then disjunctions of multiple conjunctions are examined. In this case, three DNFs fully
explain the truth table. We consider the simplest one as a primary candidate.
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Then, we attempted to find disjunctive normal forms (DNFs)
compatible with partial T", describing gene expression patterns in
normal embryos (see Fig. 1) and experimental embryos. The DNF is
one of the canonical Boolean logic forms represented as the sum
(disjunction; OR; V) of products (conjunction; AND; A) like AABVAA-C
(-: NOT). Namely, in this example, “AAB” and “AA-C” are called
conjunctions, and “A,” “B,” and “C” are called literals symbolizing the
effects of upstream factors on the focal downstream gene. The DNF was
chosen because this form is more easily interpreted from a biological
viewpoint; each conjunction probably represents one regulatory mod-
ule that requires the simultaneous binding of multiple upstream factors.

There are three possible effects of an upstream factor on a down-
stream gene; upstream factors up-regulate, down-regulate, or do not
regulate a downstream gene. Because of 16 upstream factors, there
are 43,046,721 (=3'€) possible conjunctions. In the present study, we
tried to find minimal DNF F” compatible with partial T", which rep-
resents gene expression patterns under normal conditions and a limited
number of experimental conditions. First, we removed conjunctions
incompatible with T" from the first candidates. Conjunctions that do
not explain any expression of the focal downstream gene are also re-
moved. Then, we tried to find combinations of the remaining con-
junctions that fully explain the expression pattern of the focal gene in
normal and experimental embryos. In most cases, multiple DNFs are
compatible with partial T". We consider DNFs with the smallest num-
ber of conjunctions and the smallest number of literals as primary can-
didates. An intuitive explanation for this method is shown in Fig. 2
and the details are described in Materials and Methods. The computer
code that we used is available at https://github.com/kmaed/mindnf.

When multiple candidates were obtained after an exhaustive search,
we performed additional experiments (Fig. 2A). In this way, we at-
tempted to determine the “simplest” DNF for each target gene from
partial T" (table S1), which represents the expression patterns under
normal conditions and 4 to 17 experimental conditions (Fig. 3 and
fig. S1), and succeeded in determining the F” for 12 targets basically
through knockdown experiments (Table 1).

In the simplest case of Bmp3, knockdown of either Foxa.a or Foxd
using specific antisense morpholino oligonucleotides (MOs) resulted
in complete loss of Bmp3 expression, which is normally found in all
vegetal cells except for the germline and its sister cells (B6.3 and B6.4)
(Figs. 1C and 3, A to C). Meanwhile, knockdown of Fgf9/16/20 or
Macho-1 or treatment with U0126, which is an inhibitor of the MAPK
pathway, did not affect Bmp3 expression (fig. S1A). F*"? was there-
fore formulated as Foxa.aAFoxd.

FP™P3 s satisfied in the vegetal cells except B6.3 and B6.4 of normal
embryos, because only these vegetal cells express Foxa.a and Foxd
simultaneously (Fig. 1B). Thus, F*"? and the distribution patterns
of the upstream factors explain the specific expression pattern of
Bmp3. Regulatory functions for the other downstream genes were
similarly determined (Supplementary Text).

The only exception was Nodal; two candidates explained the ex-
pression of Nodal after 13 experiments, as shown in fig. SIM. These
two models for Nodal consisted of four conjunctions, and three of
them were shared between these two models. Because the unshared
conjunctions represented expression observed only under experi-
mental conditions (Table 1), we did not determine which of these
closely resembling DNFs was correct.

Thus, we succeeded in recapitulating all gene expression patterns
of the 32-cell embryo of this simple chordate using the mathematical
functions, which are represented in the Boolean formula. As shown
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Fig. 3. Regulatory logics for gene expression in 32-cell embryo. (A to G) Expres-
sion of Bmp3 (A to C) and Zic-r.b (D to G) in normal embryos (A and D) and embryos
injected with MOs indicated above the photographs (B, C, and E to G). Number of
embryos examined and the proportion of embryos that each panel represents are
shown below the panels. Arrowheads indicate loss of expression. (H) Regulatory
logics that specify five different lineages at the 32-cell stage. Note that the regula-
tory mechanisms in B6.4 do not share the mechanisms shown here (see the text).

in the next sections, these functions allow us to overview the em-
bryo-wide genetic program of germ layer formation and to control
embryo-wide gene expression patterns.

Regulatory mechanisms in the sister cells of the germline
cells are distinct from those in other somatic cells

We noticed that the gene expression in B6.4 is regulated differently
from that in the other somatic lineages. This is particularly interesting
because the parental cells of B6.4 cells have a germ cell fate, and
their somatic daughters, B6.4 cells, initiate zygotic transcription at
the 32-cell stage (the other somatic cells initiate zygotic transcription
at the 16-cell stage).

At the 32-cell stage, Zic-r.b is expressed in four pairs of marginal
vegetal cells, which are largely mesodermal (Fig. 3D). The regulation
in the anterior three pairs was represented by Foxa.aAFoxd AFgf9/16/20A-
B-catenin, which is consistent with earlier studies (5, 9, 13). Mean-
while, Zic-r.b was regulated by two different mechanisms redundantly
in B6.4 (Table 1); there are a Macho-1-dependent mechanism and
an Fgf9/16/20-dependent mechanism (Fig. 3, E to G, and Supple-
mentary Text). Similarly, Otx was also activated in B6.4 by two in-
dependent mechanisms (Table 1).

Snail is also activated by different mechanisms between the B6.4
lineage and other lineages (15). The DNFs (F""* and F""*) for Wnt3
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Table 1. Representation of regulatory logics in DNFs for expression of
genes that initiate expression at the 32-cell stage.
Cells where gene

expressionis activated
in normal embryos

Downstream
genes

DNFs*

A6.1/A6.3/B6.1

FoxdaFgf9/16/20ApB-catenin

FoxdaFgf9/16/20AB-catenin A6.1/A6.3/B6.1

FoxdAFgf9/16/20ApB-catenin

A6.1/A6.3/B6.1

CA-RafaMacho-1v B6.4
Snall ,,,,,,,,
Tbx6-r.b B6.1/B6.2
CA-RafaMacho-1v B6.4
Wnt3 ,,,,,,,,
Tbx6-r.b
CA-RafaMacho-1v
Wnt5
Tbx6-r.b
Bmp3 Foxa.anFoxd A6.1-4/B6.1/B6.2
FoxdaFgf9/16/20v A6.1-4/B6.1/B6.2
Hes.b —Sox1/2/3n-Hes.a o~
AFgfo/16/20A—Efna.da-Prdm1-r' ’
Foxa.a/\Fo?(d/\Fgf9/1 6/20 A6.2/A6.4/B6.2
A-B-cateninv
—B-cateninaMacho-1v B6.4
Zicrb —Sox1/2/3an—Hes.a B6.4
AFgf9/16/20A—B-catenin ’
Foxa‘aA—|I-|.es.aAFgf9/16/20 None*
A-B-catenin
Sox1/2/3AFoxa.a
Dmrt.a A-FoxdaFgf9/16/20a-Efna.d a6.5
A-B-catenin
—B-cateninaMacho-1v B6.4
Tbx6-r.anFgf9/16/20v B6.1/B6.2
Otx Tbx6-r.oAFgf9/16/20v B6.1/B6.2
—FoxdaFgf9/16/20a—-Efna.dv a6.5/b6.5/B6.4
None*
a6.5-8
Dix.b 26.6-8/b6.6-8
None*
A6.1/A6.3/B6.1
B6.1
Nodal Sox1/2/3a-Foxa.a

A-FoxdaFgf9/16/20a-Efna.d b6.5
A-B-cateninv

Fgf9/16/20A-Gdf1/3-r None*
A-Admpa—-Prdm1-r/-Foxa.a®

*Note that p-catenin acts with Tcf7, which is present in all cells, for activating
targets, and that p-catenin represses Gata.a (7, 13). Because Gata.a is present in
all cells, ~B-catenin means that Gata.a becomes active. *This conjunction
was determined by not only knockdown experiments but also overexpression
experiments (fig. S2). *These conjunctions represent expression in
experimental conditions only. 'We were not able to determine this
conjunction uniquely. The expression patterns of Prdm1-r and Foxa.a indicate
that either of them or both are involved. However, this conjunction represents
expression in experimental conditions only but not expression in normal
32-cell embryos.
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and Wnt5, which are expressed in the same pattern as Snail, were
identical to F¥"*! (Table 1 and Supplementary Text). Similarly, Hes.b
is activated in B6.4, and its regulatory mechanism was different from
those that activate Zic-r.b, Otx, and Snail/Wnt3/Wnt5 in B6.4 and
Hes.b in the other cells (Table 1). Thus, the regulatory mechanisms
of these genes differ between B6.4 and other cells, and the regulatory
mechanisms also differ among these genes. In other words, ascidian
embryos may have evolved specific genetic programs for gene expres-
sion in B6.4, probably because the initiation of zygotic transcription
occurs one step later in this lineage than in the other somatic lineages.

Core regulatory logics specifying cell fates including three
germ layer fates

In contrast to the case in B6.4, we noticed that there are regulatory
logics shared by specific cell groups. One of the mechanisms that
activate Otx in B6.4, “~FoxdAFgf9/16/20A=Efna.d,” is also used for
the activation of Otx in the neural precursors (a6.5 and b6.5). While
Otx is expressed in the anterior and posterior neural precursors,
Dmrt.a is specifically expressed in the anterior neural precursors and
Nodal is expressed in the posterior neural precursors. As shown in
Table 1, the responsible conjunctions in their DNFs contained ~Foxda
Fgf9/16/20A-Efna.d in common. This observation suggests that ~Foxda
Fgf9/16/20A-Efna.d represents the core regulatory logic for neural
induction in ascidian embryos (Fig. 3H).

In contrast, the regulatory logic “Sox1/2/3A~FoxdA—B-catenin,”
which was shared between Dmrt.a and Nodal, was also found in the
regulatory function of Dix.b, which is expressed in the epidermal
and anterior neural precursors. Therefore, this may represent the
regulatory mechanism for specifying ectodermal fate, although F°™
does not contain this logic (Fig. 3H).

The neural and ectodermal core logics included negative regulation
by Foxd. Conversely, most genes expressed in the vegetal hemisphere
were positively regulated by Foxd (Table 1), as previously indicated
(23). Similarly, our results also confirmed a previously proposed
model that B-catenin plays a key role in discriminating medial veg-
etal (largely endodermal) cells from marginal vegetal (largely meso-
dermal) ones (5, 9, 13) (Table 1). In addition, Fgf9/16/20 is necessary
for inducing both groups of genes. Thus, Foxd, B-catenin, and Fgf9/16/20
act together and constitute core mechanisms to specify endodermal
and mesodermal fates, FoxdAFgf9/16/20AB-catenin for endoderm and
FoxdAFgf9/16/20A=B-catenin for mesoderm (Fig. 3H).

There was an additional regulatory system that drove expression
in the posterior vegetal cells. This system depends on Tbx6-r.b (Fig. 3H),
which is activated by Macho-1 and B-catenin at the 16-cell stage
(7, 20). Snail, Wnt3, and Wnt5 were activated by Tbx6-r.b, and Otx
was activated by Tbx6-r.b and its paralog Tbx6-r.a in the posterior
vegetal cells. The above observations suggest that there are five core
regulatory logics and that modified versions of them are used for
regulating the downstream genes.

Controlling gene expression patterns using
the regulatory functions
We next attempted to control gene expression using F". For this pur-
pose, we used 16-cell stage embryos, because zygotic gene expres-
sion scarcely occurs before the 16-cell stage (6), and therefore, we
can examine direct effects of upstream factors.

Lhx3/4 is not expressed in normal 16-cell embryos (3), which is
consistent with the prediction from F3 and expression pattern

of its upstream factors (Fig. 4A). F¥4 predicts that Lhx3/4 will be
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Fig. 4. Regulation of Lhx3/4 at the 16-cell stage. (A) While B-catenin is present in three pairs of vegetal cells (cyan boxes in the top), neither Fgf9/16/20 nor Foxd is ex-
pected to act in normal 16-cell embryos (white boxes). Therefore, F-"*# predicts that Lhx3/4 is not expressed (white boxes in the center) and no expression is detected by
in situ hybridization (bottom). (B) If embryos injected with Foxd mRNA (0.75 pg) are treated with FGF2, then Foxd and Fgf signaling are expected to act in all cells (cyan
dots), and F™* predicts that Lhx3/4 is expressed in the vegetal hemisphere where nuclear p-catenin is present (magenta boxes). In situ hybridization shows that this is
the case. (C) If embryos are additionally treated with BIO, then Lhx3/4 is predicted to be expressed in all cells except the most posterior germline pair, and in situ hybrid-

ization revealed that this was the case.

expressed in the vegetal hemisphere even at the 16-cell stage with Foxd
protein and Fgf signaling (Fig. 4B). To test this prediction, we injected
a synthetic Foxd mRNA into unfertilized eggs and allowed them to
develop in seawater containing recombinant FGF2 to mimic Fgf9/16/20
signaling. In such experimental embryos, Lhx3/4 was expressed in
three vegetal cell pairs at the 16-cell stage as predicted (Fig. 4B). We
further added BIO, a glycogen synthase kinase 3 inhibitor that up-
regulates B-catenin activity (5, 9), at the late 8-cell stage. pLhxs pre-
dicted that Lhx3/4 would be expressed in the animal and vegetal
hemispheres, and Lhx3/4 was expressed as predicted (Fig. 4C).

While Bmp3 is not expressed in normal embryos, overexpression
of Foxa.a and Foxd induced Bmp3 expression in all cells except the
germline cells of 16-cell embryos (fig. S3A), which demonstrates that
Foxa.anFoxd represents a condition sufficient for inducing the ex-
pression of Bmp3 and that Bmp3 expression is controllable with
FP™P3 Note that Foxa.a and Foxd are expressed under the control of
nuclear B-catenin at the 16-cell stage. However, as shown in fig. S3A,
overexpression of Foxa.a and Foxd induced Bmp3 expression in the
animal hemisphere, where nuclear B-catenin is not present. This ob-
servation supports the notion that B-catenin is not directly involved
in the expression of Bmp3 and is consistent with the regulatory
function that does not contain B-catenin. Similarly, we succeeded in
controlling the expression of Snail, Bmp3, Hes.b, Zic-r.b, Dmrt.a, Otx,
and DIx.b (Supplementary Text and fig. S3, B to G). Although we
did not succeed in completely controlling Nodal expression at the
16-cell stage, we succeeded in controlling the expression at the 32-cell
stage (Supplementary Text and fig. S3H). Predictions were imple-
mented in our website, http://ghost.zool. kyoto-u.ac.jp/sim32/index.
html; it predicts how changes in activities of the upstream factors or
regulatory functions affect gene expression patterns.

Evolutionary plasticity in a regulatory function

A previous study (9), which probably used a closely related Ciona
species (C. intestinalis or C. intestinalis type B) reproductively isolated
from the species that we used (C. robusta or C. intestinalis type A)
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Fig. 5. Evolutionary plasticity of the regulatory mechanism for Lhx3/4 expression.
The present study revealed that P s FoxdaFgf9/16/20ApB-catenin in an ascidian,
C. intestinalis type A (or C. robusta). However, in an ascidian from a different popu-
lation (C. intestinalis type B or simply called C. intestinalis), Foxa.a is necessary for Lhx3/4
expression (9); therefore, the mechanism is likely to be slightly different. However,
even under the assumption that Fhi s Foxa.anFoxdaFgf9/16/20AB-catenin, the
expression pattern of Lhx3/4 is unchanged in normal embryos.

judging from the sampling location of the animals (24, 25), showed
that Foxa.a also participates in the regulation of Lhx3/4; therefore,
F3% in this species may be Foxa.aAFoxdAFgf9/16/20AB-catenin
but not FoxdAFgf9/16/20AB-catenin. We calculated a gene expression
pattern using the regulatory function Foxa.aAFoxdAFgf9/16/20A8-
catenin and found that Lhx3/4 was predicted to be expressed in the
same cells under normal conditions even with this regulatory func-
tion (Fig. 5). Because Lhx3/4 is a key regulatory gene for specifying
the endoderm and adult heart precursors (9, 26, 27), strong evolutionary
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pressure is expected to maintain the expression pattern of Lhx3/4
between these two species. The above observation may therefore
represent the evolutionary plasticity of gene regulation.

DISCUSSION

Our study mathematically formulated the regulatory system for gene
expression at the stage when the germ layers are largely specified.
This formulation revealed that there are core regulatory mechanisms,
each of which is commonly found in F" for genes expressed in a
specific lineage. These may represent ancient regulatory mechanisms,
from which individual mechanisms have evolved. It is also possible
that these regulatory mechanisms may have evolved independently
and convergently; because of the limited number of upstream fac-
tors, similar regulatory mechanisms may have evolved.

On the other hand, the regulatory mechanisms for the expression
in B6.4 were different from one another. The B6.4 pair is peculiar
among cells of the 32-cell embryo, because their parental cells have
germ cell fate and are transcriptionally inactive at the 16-cell stage.
The regulatory mechanisms used in this B6.4 lineage may be required
for developmental programs to proceed coordinately with those in
the other somatic cells, in which transcription begins one step earlier
at the 16-cell stage. This observation may suggest that each of these
mechanisms, which regulate gene expression in the sister cells of the
germline cells, has evolved independently. Because these latter so-
matic lineages have five core regulatory logics, shown in Fig. 3H, in
common, this germline sister lineage (B6.4) contrasts with the other
somatic lineages.

Our study succeeded in representing regulatory mechanisms for
downstream genes as mathematical functions. The only exception
is that the regulatory function for Nodal. F**** contains three con-
junctions that represent expression in normal embryos. It is possible
that each of these conjunctions does not represent sufficient condi-
tions. However, it is hard to imagine that all conjunctions lack upstream
factors, despite extensive theoretical and experimental analyses. In
addition, we succeeded in controlling Nodal expression at the 32-cell
stage with the regulatory function we determined. Therefore, it is more
likely that a higher order of transcriptional regulation, including epi-
genetic regulation, is involved in Nodal regulation at the 16-cell stage.

In the present study, each regulatory function was represented in
the DNF, which is represented by disjunctions of conjunctions. The
conjunction that directs Zic-r.b expression in A6.2, A6.4, and B6.2
is represented by Foxa.aAFoxdAFgf9/16/20A=B-catenin. The upstream
regulatory region of Zic-r.b contains a binding site for Ets1/2, which
is an effector of Fgf signaling, four Fox sites, and four binding sites
for Gata.a, which becomes active in the absence of nuclear B-catenin
(13, 28). On the other hand, an earlier study identified a cis-regulatory
element that can drive Otx in a6.5 (4). The conjunction that directs
Otx expression in a6.5 is represented by —“FoxdAFgf9/16/20A-Efna.d,
and this cis-element contains binding sites for Ets1/2 (an effector of
the signaling pathway that is positively regulated by Fgf9/16/20 and
negatively regulated by Efna.d) but not for clear Foxd binding sites.
In other words, although the conjunction means that Foxd represses
Otx expression, no Foxd binding sites are found in this cis-element.
However, because ectopic expression in the vegetal cells, where Foxd
is expressed, is driven with a construct that contains this cis-element
only (4), this cis-element may lack Foxd binding sites to suppress
ectopic expression. This element also contains Gata.a binding sites.
Because Gata.a acts as an effector of the Fgf signaling pathway, in
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this case (4), Gata.a is not included in the conjunction; note that
Ets1/2 is not included with the same reason. Thus, these earlier ob-
servations are consistent with the idea that each conjunction of the
DNFs may represent one regulatory module, although this notion
needs to be assessed more extensively in future studies.

Our finding that regulatory mechanisms were represented as
Boolean functions indicates that qualitative, but not quantitative,
controls are important for regulation in early embryos of this chor-
date. This property may not be specific to ascidian embryos, as the
endomesodermal GRN in early sea urchin embryos is represented
by Boolean functions (29). This property may be revealed in these
two model animals because GRN dynamics have been analyzed ex-
tensively. If so, then it is possible that GRN dynamics are similarly
regulated in early embryos of other animals. Alternatively, it is also
possible that this property is related to features specific to ascidian
and sea urchin embryos. These features may include rapid development,
relatively small numbers of cells, and highly reproducible embryonic
structures (30).

The present study made the embryo-wide gene expression patterns
predictable at the single-cell resolution and therefore provides a
platform for simulations and experiments to understand the operating
principles and dynamics of GRNs. Our study made GRN dynamics
in early ascidian embryos reproducible by calculation. In experiments,
it is more difficult to change regulatory functions than to change
expression patterns of upstream factors. However, we can now eas-
ily examine in computational simulations how a specific change in
the regulatory function of a gene affects its gene expression pattern,
as in the case of Lhx3/4 in two closely related Ciona lineages. In this
way, our study provides a platform for simulations and experiments
to understand the operating principles of GRNs.

MATERIALS AND METHODS

Animals and cDNAs

Adult C. intestinalis (type A or C. robusta) were obtained from the
National BioResource Project for C. intestinalis in Japan. Comple-
mentary DNA (cDNA) clones were obtained from our expressed
sequence tag clone collection (31). Identifiers (32-34) for genes ex-
amined in the present study are shown in table S2.

Ciona is excluded from legislation regulating scientific research
on animals in Japan. Although there is no scientific evidence that
this animal can experience pain, discomfort, or stress, we made our
best efforts to minimize the number of animals used for experiments
and to minimize potential harm that animals might experience when
we obtained the eggs and sperm from them.

Gene knockdown and overexpression assays

Sequences of the MOs (Gene Tools LLC) are as follows: Sox1/2/3,
5-CAGTTTAATGACGTGTGAGACTTTA-3'(35); Foxa.a,
5-ATCCGATTTCAAAAGCTTTCTCAGA-3' (11, 36); Foxd, 5'-
GCACACAACACTGCACTGTCATCAT-3' (3, 11, 36); Tbx6-r.b,
5"-TTGAGCCTCTCACGTCGCCAT-3" and 5'-TTACAATTT-
CCTCTCTCTTTCGATT-3' (a mixture of these two oligonucleotides
was used for simultaneous knockdown of paralogs) (11, 37); Tfap2-r.b,
5-CGGACAGAATTCGAATATCACTCAT-3’ (35); Hes.a, 5'-TTC-
TTCGTTCAACAGGCATGATTGT-3' (13, 38, 39); Fgf9/16/20,
5-CATAGACATTTTCAGTATGGAAGGC-3' (3, 11, 15, 18, 19, 40);
Ema.d,5-TTGAGTTGCCATTCTTCGTTITAAT-3' (11, 18, 19); Gdf1/3-,
5'-CATCTTTAACCCAACACTTTCAACG-3’ (18, 19); Admp,
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5-TATCGTGTAGTTTGCTTTCTATATA-3' (11, 18, 19, 41); B-catenin,
5-CTGTTCATCATCATTTCAGCCATGC-3’ (3, 7); Macho-1,
5'-ATCCCATCGTACCAGTAAAGGCCAT-3' (7, 20); and Prdm1-r,
5'-CGTAACTTTCGCGGTGATTCCTCAT-3’ and 5'-GTCTGAA-
CACACATGATTCCGACAT-3’ (a mixture of these two oligonucleo-
tides was used for simultaneous knockdown of paralogs) (38). The
above MOs that block translation were used previously, and there-
fore, additional specificity tests were not performed in the present
study. Two MOs for Tbx6-r.a that block splicing were designed in
the present study: 5'-TTAATCTCATTTCTTACCTCCCTGC-3’
and 5'-ACAAAATACGCCACCAACCTGGAAT-3". We confirmed
that these MOs effectively block splicing by reverse transcription
followed by polymerase chain reaction (PCR) (fig. S4AB), in which
reverse transcription was performed with the oligo(dT) primer and
PCR was performed with the following primers: 5'-TGCACCGCT-
GCTTGAACA-3' and 5'-TTCTACCCGGTGATGGACTATCA-3".
Amplified fragments were sequenced to confirm that these frag-
ments were derived from abnormal transcripts (fig. S4C). As shown
in fig. S1K, while Otx expression was not affected by the knockdown
of Tbx6-r.b alone, it was affected by coinjection of the Tbx6-r.b with
either of two MOs for Tbx6-r.a. Because both of these Tbx6-r.a
MOs yielded the same phenotype regarding Otx expression (Otx is
the only gene that was affected by these MOs), these MOs are sug-
gested to act specifically. The MOs were introduced into unfertilized
eggs by microinjection. The MOs for Hes.a and Sox1/2/3 were in-
jected at a concentration of 1 mM. Two Tbx6-r.b MOs were coin-
jected to suppress all paralogs (0.25 mM each). All other MOs were
injected at a concentration of 0.5 mM.

Synthetic transcripts were prepared from cDNA cloned into the
pBluescript RN3 vector (42) using the mMESSAGE mMACHINE T3
kit (Thermo Fisher Scientific) and injected into unfertilized eggs.
BIO (GSK-3 Inhibitor IX; Merck, no. 361550), human recombinant
basic FGF (FGF2; Merck, no. 662005), and U0126 (MAPK kinase
inhibitor; Sigma-Aldrich, no. F0291) were added to seawater at con-
centrations of 2.5 mM, 10 ng/ml, and 2 uM, respectively.

Whole-mount in situ hybridization

In situ hybridization was performed basically following the protocol
described previously (43). Embryos were fixed in 4% paraformaldehyde
in 0.1 M MOPS buffer (pH 7.5) and 0.5 M NacCl at 4°C for over
16 hours. After washing with phosphate-buffered saline containing
0.1% Tween 20 (PBST), the embryos were treated with proteinase K
(2 ug/ml) in PBST for 30 min at 37°C and then washed with PBST. The
embryos were again fixed with 4% paraformaldehyde in PBST for
1 hour at room temperature, washed with PBST, and immersed in
hybridization buffer for 1 hour at 55°C. Then, the hybridization
buffer was replaced with fresh hybridization buffer containing a
digoxigenin-labeled probe, and the embryos were incubated at 55°C
for at least 18 hours. The hybridization buffer contained 50% for-
mamide, 5x SSC, yeast tRNA (100 pug/ml), 5x Denhart’s solution,
and 1% SDS. After hybridization, the embryos were washed twice at
55°C for 15 min in 50% formamide, 5x SSC, and 1% SDS and twice
at 55°C for 15 min in 50% formamide, 2x SSC, and 1% SDS. The embryos
were treated for 30 min at 37°C with ribonuclease A (20 pg/ml) in
2x SSC and 0.1% Tween 20. The embryos were further washed twice
at 55°C for 15 min in 0.2x SSC and 0.1% Tween 20, and the washing
solution was replaced with PBST. The embryos were blocked at
room temperature for 30 min with 0.5% blocking reagent (Roche)
dissolved in 100 mM tris-HCI (pH 7.5) and 150 mM NaCl and then
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exposed to alkaline phosphatase-conjugated antidigoxigenin antibody
(1:2000 dilution; Roche, no. 11093274910) at 4°C overnight. The em-
bryos were washed with PBST and then with detection buffer [100 mM
NaCl, 50 mM MgCl,, and 100 mM tris buffer (pH 8.0)] before sig-
nal detection with nitro blue tetrazolium and bromochloroindolyl
phosphate.

Boolean representation of regulatory functions

In the 32-cell ascidian embryo, 21 upstream factors are expressed
(Fig. 1B; note that Wnttun5 is not included in the figure). However,
because Tcf7 acts as a positive regulator with nuclear B-catenin and
because Gata.a acts as a positive regulator in which nuclear B-catenin
is not present (7, 13), we did not explicitly consider Tcf7 or Gata.a
to simplify the calculations. In addition, Pem1 always represses tran-
scription by suppressing the function of RNA polymerase II (16, 17),
and it is therefore unnecessary to consider this upstream factor ex-
plicitly. Ets1/2 acts as an effector of the MAPK pathway, which is
regulated positively by Fgf9/16/20 signaling and CA-Raf and nega-
tively by Efna.d signaling (4, 15, 22). Therefore, we do not consider
Ets1/2 explicitly either. Because Wnttun5 controls the orientation
of cell divisions and it is not likely that this ligand directly regulates
gene expression (18), this was also excluded. For these reasons, we
consider the remaining 16 upstream factors.

From gene expression patterns in normal and experimental em-
bryos, regulatory functions of genes are directly given in the form of
a truth table T"

T":{0,1}'° = {0,1}(n = 1,...,13)
where the numbers of upstream factors and downstream genes are
16 and 13, respectively. Only some of the elements of T" are given by
experiments because the number of observed expression patterns of
upstream factors is much smaller than the size of the binary space (2'°).

Our goal is to determine the simplest DNF that is consistent with
the given partial truth table T"; see below for the meaning of the
“simplest DNF.” The DNF is one of the canonical forms of the Boolean
logic. In the case of the ascidian 32-cell embryo, DNFs, F', for 13 down-
stream genes are written in a form of logical disjunction of at least
one logical conjunction of literals

o N(n) o o 16 l”
where N(n) is the number of conjunctions in the simplest DNF of
F", and [}; symbolizes the effect of an upstream factor j on the focal
downstream gene # by using a literal Gj, that is

Gjif gene j up-regulates gene n in C;

I =

J -Gj, if gene j down-regulates gene n in C}

1,if gene j does not regulate gene # in C;

To determine the simplest DNF, let us consider all 3'¢ possible
logical conjunctions of literals and write each conjunction as C; (i =
1, ...,3'%). The problem is then to find the minimum subsets of in-
dexes S" C {1, ---,3'} such that

F'= \/ G

ies”
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To reduce the computation time, we find " in a step-by-step man-
ner based on the truth table T" for each downstream gene 7. In the
following algorithm, s € {0,1}'® denotes binary states of observed
expression patterns of 16 upstream factors in normal and experi-
mental embryos.

(i) Initially, set §' = {1, ---,3'%}.

(i) For each i, if Ci(s) = 1 and T"(s) = 0 for any s, then remove i
from §'.

(iii) For each i, if Ci(s) = 0 for all s such that T"(s) = 1, then re-
move i from §'.

(iv) Find the simplest minimum subset §" C §’ satisfying the fol-
lowing equation for all s

V Ci(s)=T"(s)

ies”

In other words, under the assumption that the simplest one is most
likely, our method fills the missing parts in T" from limited sets of
experiments. The source code for identifying simplest DNFs is avail-
able at https://github.com/kmaed/mindnf.

T" shown in Table 1 were deduced from the expression patterns
at the single-cell resolution in normal embryos (Fig. 1, B and C) and
experimental embryos (Fig. 3 and fig. S1). When more than 60% of
embryos expressed target genes, we considered that target genes were
expressed (table S1).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/24/eabf8210/DC1

View/request a protocol for this paper from Bio-protocol.
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