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Abstract (251 wor ds)

Cdlular differentiation isatightly regulated process under the control of intricate signaling and
transcription factors networks working in coordination. Due to their complexity, these networks
are studied and modelled independently despite their codependence: signals instruct transcription
factorsto drive cellular responses, and transcription factors provide the context for the cellsto
respond to signals. These reciprocal interactions make the systems dynamic, robust and stable
but also difficult to dissect. Differential equation based mathematical models provide an
important theoretical tool to understand the behavior of these intricate networks. In the spinal
cord, recent work has shown that a network of FGF, Wnt and Retinoic Acid (RA) signaling
factors regulate neural maturation by directing the activity of a transcription factor network that
contains CDX at its core. Here we have used differential equation based models to understand
the spatiotemporal dynamics of the FGF/Wnt/RA and the CDX regulated networks, alone and in
combination. We show that in both networks, the strength of interaction among network partners
impacts the dynamics, behavior and output of the system. In the signaling network, small
changesin the strength of the interactions among networking partners can result in a signal
overriding, balancing or oscillating with another signal. We also show that the signaling network
conveys the spatiotemporal information to the transcription network, whose interpretation
produces a transition zone to separate regions of high cell potency from regions of cell
differentiation. This analysis provides amodel for the interaction conditions underlying spinal

cord cell maturation during embryonic axial el ongation.
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I ntroduction

Cedlls sequentialy differentiate from high to low potency states, under the guidance of
extracellular signals working in coordination with intracellular transcription factors. Signals
regulate the individual and network activity of the transcription factors by providing spatial and
temporal information [1-4]. In turn, transcriptional network dictates a cell’s competence and
response to extracellular signals [5-7]. Because signaling information changes the composition of
acell’ stranscriptional components, this creates an intricate and dynamic cross-regulatory system

for guiding cell differentiation that has been challenging to untangle and comprehend [1, 3, 4].

Vertebrate spinal cord provides an advantageous mode to study the cross-regulatory
dynamicsinvolved in central nervous system development in particular, and differentiation in
genera. The head (rostral) to tail (caudal) development of spinal cord during vertebrate body
extension resultsinto a characteristic spatial separation of temporal differentiation events[8-10],
facilitating the study of their regulation. Briefly, the spinal cord neural progenitors (NPs) are
derived from a bipotent population of cells located at the caudal most end of the embryo, the
neuro-mesodermal progenitors (NMPs). In the early embryo, the region where NMPsresideis
known as the caudal lateral epiblast and node streak border, and in the late embryo, the caudal
neural hinge [8-10]. During development, NPs exit the NMP domain rostrally and sequentially
trangit through different maturation states as they become part of the elongating spinal cord [8,

11,12].

NP maturation is driven by synergistic and antagonistic interactions between the
signaling factors FGF, WNT and Retinoic Acid (RA), turning on and off key transcription
factors required for caudal-to-rostral maturation events (Fig 1A). Current models propose that

two opposite signaling gradients regulate spinal cord cell maturation [13]: from caudal/high to
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rostral/low, FGF and WNT gradients prevents cell differentiation by promoting high potency cell
states caudally; whereas an opposite rostral/high to caudal/low gradient of RA secreted from
somites promotes cell differentiation rostrally. Importantly, FGF and WNT activity gradient
counteract RA activity gradient. In thisway, cellslocated caudally experience high levels of
FGF/WNT and no RA, which drives expression of bipotency markers T/Bra, Sox2, and Nkx1.2
[11, 14, 15]. T/BRA and SOX?2 are transcription factors that repress each other and promote
different cell fates, with T/BRA promoting mesoderm and SOX2 promoting neural fates [16-19].
In addition, both transcription factors downregulate FGF and Wnt, initiating the early
differentiation of mesoderm or neural tissues [16]. NMPs that continue to transcribe Sox2 but not
T/Bra assume NPs identity and become part of the growing neural plate. As NPs transit through
the maturing neural plate, they experience a further gradual lossin FGF and WNT, and a gradual
increasein RA signaling. This new environment lead to the caudal-to-rostral downregulation of a
third bipotency marker, Nkx1.2, and upregulation of the early differentiation gene Pax6 [20].
Subsequently, under RA regulation, PAX6 activates late differentiation genes such as Ngn2 (Fig
1B) [10, 21, 22]. We recently mapped the interactions of these transcription factors into a gene
regulatory network (GRN) and place it in the context of the FGF/WNT-RA signaling network
(Fig 1C) [12]. Thiswork identified the transcription factor CDX4 as a core system component

essential for the sequential maturation of NPs into mature neuronal precursors (Fig 1C).

Fig 1. FGF-WNT-RA signaling resultsin nested transcription factor expression domainsin
the caudal spinal cord. (A) Schematic representation of the caudal end of a stage HH10-11
chick embryo. Expression domains of Fgf8 (red) and Wnt8c (magenta) signaling factors, and the
Retinoic Acid synthesizing enzyme Raldh2 (blue), are superimposed on the diagram (based on

[23]). Expression domain of relevant transcription factors are indicated on the left (based on
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[12]). (B) Transcript distribution of key transcription factors involved in caudal spinal cord
maturation. Scale bar is 200um. (C) Postulated gene regulatory network showing interaction

between signaling factors and transcription factors (based on [12, 16, 21, 23]).

Here we use differential equationsto dynamically analyze the GRN driving NP
maturation during early spinal cord development. As the transcription factor network depends
upon inputs form the FGF-WNT-RA signaling network, we first analyzed the postulated
effectiveness of the signaling network to work as a signaling switch [23]. We then used the
resulting signaling dynamics as input to evaluate the performance of the underlying transcription
GRN initsability to generate cell state patterns smilar to those observed in experimental
models. Our results show that signaling interaction can give rise to various developmentally
observed phenotypes based on a limited subset of interaction parameters, and these behaviors are
robust and stable to perturbations. Thisis due to strong cross-regulation interactions between
system elements. Our results suggests that the dominant predictor of the GRN response isthe
interaction strength among network partners. By outlining the conditions that permit the
operation of the GRN during NP maturation in silico, the model predicts and informs on cellular

behaviors of the system in vivo.

M ethods

Transcriptional regulation of genes in the interaction network were modeled by differential

equations describing the rate of change of mMRNA and protein [24-26], as follows

MRNA dynamics:
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dM
E = 0y Hl - ﬁmMHZ
Protein dynamics:
P

where,

a, = Transcription rate constant. f,,= mMRNA decay rate constant. a,,= Translational rate

constant. f3,= protein decay rate constant.
M and P are mRNA and protein concentrations, respectively.

H, ,H,, H;, H,; are Hill functions describing regulatory interaction by upstream factors.

Hill function describing activation is of the form:

o
]

,where A isthe concentration of activator protein, A, isthe Hill constant and n is the Hill

coefficient of cooperativity.
Multiple activators can be described with the equation
A]. ni A2 n2
~ (AT) + (A_ZC)
A]. ni A2 n2
1+ () + ()

The Hill function describing repression is of the form:

i
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,where R isthe concentration of repressor protein, R, isthe Hill constant and misthe Hill

coefficient of cooperativity.
Multiple repressors can be described with the equation
1

1 2
(1) +(rz)

Hi:

Finally, a regulation where both an activator and a repressor act together can be represented with

the equation:

AND configuration: Where activator and repressor can bind on separate regulatory regions.

OR configuration (Competitive inhibition): Where activator and repressor competes for a

regulatory region.

In case of adiffusing molecule, adiffusion term, ui was added on the |eft side of the

dx? "’

equation (u isdiffusivity coefficient, x is the spatial dimension).
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Differential equations representing the interaction network were numerically solved using
MATLAB solver. Partial differential equations showing interactions among factor with diffusing
molecules were solved using MATLAB pdepe solver. Ordinary differential equations were
solved usng MATLAB ode45 solver. MATLAB was also used to plot the ssimulations of the

equation systems.

In situ hybridization

Analysis of gene transcription by in situ hybridization was done using digoxigenin (DI1G)-labeled
antisense RNA probes synthesized and hybridized using standard protocol [27], as previously
described [12]. Briefly, embryos were harvested at the appropriate stage and fixed with 4%
paraformaldehyde diluted in 1x PBS at 4° C overnight. After a series of washes, embryos were
exposed overnight in hybridization solution to DIG-1abel ed antisense RNA probes against Pax6,
Nkx1.2, Bra, Sox2, Cdx4 or Ngn2. mRNA expression was detected using an Alkaline
Phosphatase coupled Anti-DIG antibody (Roche) and developing embryos with nitro-blue
tetrazolium salt (NBT, Thermo Scientific) and 5-bromo-4-chloro-3-indolyl-phosphate (BCIP,
Biosynth) at room temperature until dark purple precipitate deposited revealing the areas of gene
transcription. Post-development, embryos were washed with 1x TBST and then fixed in 4%
PFA. Processed embryos were photographed using an AxioCam MRc digital color camera
mounted on aon Zeiss V20 Stereo microscope and processed using Adobe Photoshop

(CC2017,Adobe) for size and resolution adjustment and figure preparation.
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Results

FGF-WNT-RA signaling interaction network can drive signaling switch

In order to model the transcription factor network responsible for spinal cord cell maturation (Fig
1C), wefirst simulated the signaling dynamics between FGF, WNT and RA that drive the
system [13, 23]. As several FGF and WNT factors are transcribed within and around the caudal
neural plate performing redundant function [23, 28], for ssmplicity we focused on the factors
shown to have the most influence on the system: FGF8 and WNTS8C [23]. Fgf8 istranscribed in
the caudal stem zone (Fig 1A), where it inhibits Raldh2 transcription (no RA production), and
promotes Cyp26a transcription (high RA degradation) [21]. In the caudal stem and transition
zone, FGF8 also activates Whit8c transcription [23]. WNT8C then induces Raldh2 transcription
in more rostral tissues, the somites, where it outcompetes FGF8-mediated repression [23]. RA
produced by RALDH2 diffuses from the somitesinto the caudal spinal cord where it inhibits
Fgf8 transcription [21, 29]. Once Raldh2 induction has occurred, its expression in nascent
somites is maintained even in the absence of WNT activity [23]. While the mechanism of Raldh2
maintenance remains unknown, for simplification, our model assumes a positive autoregulation
of Raldh2 by RA. Together these interactions give rise to an extended negative feedback loop

(Fig 2A).

Fig 2. FGF-WNT-RA signaling interaction can result into distinct dynamic behaviors. (A)
Schematic representation of the interaction between FGF8, WNT8C and RA signaling (based on
[23]). Italicized lower case name indicate mMRNA products and upper case names indicate protein
products, except for RA, which indicates production of the metabolite Retinoic Acid. (B)

Schemati ¢ representation showing the spatial domain where signaling interactions were
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simulated (x-axes in graphs). The domain shown between dashed vertical lines has a constant
length and moves caudally to the left at a constant rate. Initially, the entire domainis
undifferentiated (red) but, as time progresses, cell at the rostral end start to differentiate at arate
defined by the smulation (green; right side of diagram). (C-E) Representative results obtained
after simulations of the signaling network shown in A using parameters shown in Table 1.
Results were categorized into four groups based on the final distribution of FGF8 and RA levels:
FGF8 dominant (C), FGF-RA balance (D), FGF-RA switch (E), and RA-oscillations (Fig S3).
Right graphs shows distribution of FGF8 (red), WNT8C (magenta) and RA (blue) at the end of
the ssimulation (t=6000 min). Middle and right graphs are heat maps that respectively represent

the levels of FGF8 and RA in the region of interest (x axes) over simulation time (y axes).

Cdll proliferation in the stem zone drives the extension of the vertebrate axis caudally and
the differentiation of tissuesrostrally [8]. To simulate the tissue' s caudal ward movement, the
signaling interactions were confined to a caudally moving spatial domain of constant length
extending rostrally from the stem cell zone. Thus, from the perspective of the caudal end, the
moving spatial domains appears stationary (Fig 2B). To simulate the interactions between
signaling factors, we used partial differentiation Hill equations, each containing constants for
synthesis, degradation, diffusion and interactions strengths that could potentially impact system
behavior. For the purpose of our study we focused on varying the interaction parameter, namely
the Hill constant, keeping rest of the parameters unchanged. The Hill constant of a given reaction
is the concentration of afactor involved in transcription or signaling at which the rate of reaction

regulated by the factor is half of the maximum possible rate. Hence, Hill constant isinversely
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related to the affinity of afactor for itstarget and can act as a measure of factor’ sinteraction

strength (Supplemental information, Fig S1).

To understand all possible behaviors that could originate from the extended FGF-WNT-
RA network, we analyzed the system behavior by modulating the input of FGF and/or RA.
Interaction strengths were varied from strong (Hill constant =0.1) to weak (Hill constant =100)
activator/repressor activity, in various combinations. The model simulates how the system
behaves spatially given a set initial value and a graded exponential decay of Fgf8 transcription,
and is based on the caudal movement of the stem zone cells that are the only cells that actively
transcribe Fgf8 [30]. By varying only the interaction strength between FGF, WNT and RA we
obtained various temporal signaling information profiles that we grouped into four broad

behaviors: FGF-dominant, FGF-RA balance, FGF-RA switch, and RA aberrant/oscillatory.

FGF8 dominance: In a system where FGF8 repression of Raldh2 transcription outweighs
RA repression of Fgf8 transcription, the interactions do not result in appreciable RA production
(e. g., Table 1-1; Fig 2C, Fig S2A). Such a system would lead to maintenance of pluripotent

stem progenitor cells without differentiation.

Table 1. Examples of some of the Hill constants combinationstested to investigate signaling
dynamics behavior

Hill constants I I i | 1v | v | vl [ VIl |Vl

Frwv
FGF dependent activation of Wht8c 10 10 10 | 10 | 10 | 10 10 10
transcription

Frr1
FGF dependent repression of Raldh2 1 1 5 10| 10| 10 2 20
transcription

Frro
FGF dependent activation of RA 2 10 15| 10| 10| 10 20 20

degradation (via CY P26A enzymes)

Wwr
WNT dependent activation of Raldh2 ' ) ) ) 1 1
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transcription
Rrr
RA dependent repression of Fgf8 10 1 02(01]03(045| 1 20
transcription
Rrr
RA dependent activation of Raldh2 50 50 50 | 50 | 50 | 50 | 300 | 300
transcription
RA

FGF FGF-RA FGF-RA aberrant/

Otcome dominant | balance switch oscillatory

FGF8-RA balance: FGF8, WNT8C and RA signaling domains balance each other and
settle on a stable steady state profile (Table 1-11; Fig 2D, Fig S2A, B ). Such steady stateis
achieved when the activating and repressive interactions of the system have reached an
equilibrium. In these conditions, the regions of FGF8 and RA activities are restricted to domains
that maintain the same distance from one another as long as they continue to move caudally at

the same speed as the stem cell zone.

FGF-RA switch: The most interesting behavior obtained from simulation iswhere the
system starts with an Fgf8 mRNA gradient and ends with RA activity gradient over the entire
gpatial domain (Table 1-111; Fig 2E, Fig S2A). This behavior simulates a system that starts with
acaudally located stem cell zone and a field of undifferentiated cells that is gradually converted,
inarostral to caudal direction, to afield of differentiate cells. Significantly, thisisthe
mechanism by which axial elongation is thought to cease in embryos [31, 32]. Therate at which
the FGF8-to-RA transition occurs, and hence differentiation, is also modulated by the strength of

mutually repressive FGF-RA interactions (Table 1-1V through VI; Fig 3).

Fig 3. Strength of RA inputs determine change rate of FGF-RA switch. Temporal changesin

RA production (low/blue to high/yellow) at different position in the tissue (x-axis) is dependent
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on the strength of WNT8C stimulation (Wwg), and FGF8 repression (Rrr). (A) Fast FGF-RA
switch (t<1500 min) results from relatively moderate activation and very strong repression inputs
(Wwr=0.5, Rre=0.1). (B) Intermediate FGF-RA switch (t<3000 min) results from relatively
strong activation and moderate repression inputs (Wwr=0.2, Rre=0.3). (C) Slow FGF-RA switch

(t<5500 min) results from moderate activation and repression inputs (Wwr=0.5, Rre=0.45).

RA aberrant/oscillatory: Some parameters in the FGF-WNT-RA interaction system lead
to an oscillation in RA levels that did not match the behavior of the system in vivo. These
oscillations occurred when Hill constants for RA inputs were weak, particularly for the RA-
dependent activation of Raldh2 production. In some cases, we also observed an aberrant
behavior in which the production of an RA peak was surrounded by areas devoid of RA (Table 1

VII, VIII; Fig S3).

Altogether, our results show that the FGF8-WNTS8C-RA interaction network as
postulated by Olivera-Martinez et al. [23] could indeed give rise to a signaling switch that could
travel caudally during the elongation of the embryonic axis, potentially regulating axial length.
However, the behavior of the switch depends on the interaction parameters, which regulates the

position and the rate of the area of cell differentiation.

FGF-WNT-RA signaling switch and transcription factor inter actions establish ar eas of

pluripotency, early and late differentiation

To begin simulating the dynamics of the transcription factor network, we integrated the

transcription (Fig 1C) and signaling (Fig 2A) networks into a single supra-network (Fig 4A),
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and used the FGF-RA balance profile output as the input signaling information (Fig 2D, 4B), as
it most closaly resembles the distribution of signaling activity during the steady state period of
embryo growth (Fig 1A). The ssmulation follows the transcriptional profile of cells that are born
caudally at t=0 and at subsequent times are displaced rostrally by the appearance of new cells,
away from the stem cell zone and the source of FGF and WNT (Fig 4C). As FGF/WNT level
decrease, RA levelsincreases as shown in the in the FGF-RA balance profile smulation (Fig 2D,
4B). These changesin spatial signal information are the drivers of transcription factors
expression. Since these cells are arranged spatially in order of their birth, from caudal to rostral,

the temporal changes in transcription factors give rise to spatial changes in profiles.

Fig 4. Transcriptional interaction strengths dictates response and output of network to
overlying signaling information. (A) Integrated transcription and signaling interaction network.
Hypothetical factors X and Y are predicted from experimental data[12]. (B) Reference signaling
factor input from Fig 2D used for smulations. (C) Location of reference cell (circle) within the
gpatial domain of signaling activity (vertical dashed lines). Cell remainsin the location where it
was born as spatial domain is displaced caudally. (D-F) Transcription profile of cell in with all
interactions equally moderate (D; Hill constants=20), equally strong (E; Hill constants=2), and
variable (F; asdefined in Table 2). Output of smulation in F most closely resembles the spatial
distribution of transcription factors observed in embryos (staggered distribution of expression
domains). Distribution of gene transcripts from caudal (O um) to rostral (2600 um) end of the
gpatial domain isrepresented at the bottom of each graph with colored bars. Sox2 in dark orange;
T/Brain dark blue; Nkx1.2 in light orange; Cdx4 in purple; Pax6 in light blue; and Ngn2 in

maroon.
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The transcription output of the system depends on signaling inputs and transcription
factor interactions. Signals regulate the transcription factor network at two distinct key points.
Thefirst point of regulation istowards the caudal end of the embryo, where FGF8 and WNTS8C,
alone or in combination, are required for T (Bra), Sox2, Nkx1.2 and Cdx4 transcription [14, 33-
37]. The second point of regulation is towards the rostral end of the neural plate, where RA isa
necessary for the activation of the early differentiation gene Pax6 by CDX4 [12, 38]. In addition,
several transcription factor interactions are also at play, independently of signaling inputs. For
example, Nkx1.2 transcription is negatively regulated by CDX4 and its own NKX1.2 protein [12,
35], which in turn blocks Pax6 transcription [12, 39]. In contrast, transcription of late
differentiation gene Ngn2 is activated by PAX6 and repressed by CDX4 [12, 22]. Given that
CDX4 isan activator and not a repressor [40], our model invokes two putative repressors X and
Y to mediate the indirect repressor activity of CDX4 [12]. These repressors are assumed to be

inhibited by FGF8[12].

Intuitively, the spatial dynamics of the signal interactions network would be sufficient to
generate the correct activation of the transcription factor network in the correct spatiotemporal
sequence: high caudal concentrations of FGF would promote pluripotency markers while high
rostral RA concentrations of RA would promote differentiation, with cross-repressive interaction
between pathways maintaining the domains separate at caudal and rostral ends of the tissue (left
to right in graphs). However, if al the interactionsin the network are equally moderate (Hill
constants =20, Fig 4D) or equally strong (Hill constants =2, Fig 4E), then the network does not
result in the proper spatial resolution of temporal states seen in wild type embryos. In both cases,
transcription of the mesoderm marker T/Bra is not restricted to the caudal end, but instead, it is

detected throughout the caudal two thirds of the tissue, partially overlapping rostrally with the
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transcription of differentiation genes Pax6 and Ngn2 (Fig 4D, E). Only a subset of interaction
strengths give rise to correct spatial order of identities (Table 2; Fig 4F). The values of the
interactions strengths that generate proper spatial distribution of transcripts could be increased or
decreased by about 30%, highlighting the robustness of the interaction model. These results
suggest that signaling inputs encodes the information required to specify different cell maturation
states, but that the transcription factor network is what determines the spatial distribution and

organization of maturation states cell along the caudal-to-rostral length of the tissue.

Table 2: Hill constant for correct spatiotemporal distribution of cellular states.
Hill constants Description Valuer
Frr FGF8 dependent activation of T 10
Frg FGF8 dependent activation of Sox2 50
Fre FGF8 dependent activation of Cdx4 5
Fry FGF8 dependent repression of X 1
Fry FGF8 dependent repression of Y 1
Wywn WNTB8C dependent activation of Nkx1.2 10
Wwe WNTS8C dependent activation of Cdx4 10
Sst SOX2 dependent repression of T 2
Trs T dependent repression of Sox2 20
Nyn NKX1.2 dependent repression of Nkx1.2 100
Nyp NKX1.2 dependent repression of Pax6 20
Cex CDX4 dependent activation of X 10
Cep CDX4-RA complex dependent activation of Pax6 10
Rgs RA dependent activation of Sox2 1
Rgpp RA dependent activation of Pax6 10
Xxn X dependent repression of Nkx1.2 1
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Xxn2 X dependent repression of Ngn2 1
Ppy PAX6 dependent activation of Y 5
Pono PAX6 dependent activation of Ngn2 20
Yye Y dependent repression of Cdx4 5
*Correct spatiotemporal distribution of cellular statesis also obtained when individual
values are increased or decreased by 30%

The transcription networ k executes the spatiotempor al infor mation provided by the

signaling factor network

To further evaluate the contribution of signaling and transcription factors networks on cell
maturation events, we tested the effect of disrupting individual network nodes on transcription
readouts. First, we tested the response of the transcription network to signaling noise. In
simulations, both periodic disturbance (Fig 5A) and random noise (Fig 5B) were well tolerated
by the transcription network without any distortions in the spatiotemporal resolution of the
cellular states. This suggest that transcription network has built in robustness to extrinsic
disturbances.

Fig 5. Transcription factor network respondsto large, but not small, alterationsin
signaling information. (A, B) Transcription factor output is not affected by oscillatory (A) or
random noise (B) in signaling inputs. Compare outputs to those obtained in Fig 4F. (C, D) Large
changes in signaling input changes transcription factor expression domains. (C) Discreet

(Boolean) signaling inputs. (D) Linear gradient signaling inputs.

Then, we evaluated the role of signaling gradients in determining the spatiotemporal
resolution of downstream targets' transcriptional domains. Replacing the exponential gradient of

the signaling factors with a Boolean switch (Fig 5C) or alinear gradients (Fig 5D), resulted in


https://doi.org/10.1101/668640
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/668640; this version posted September 14, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC 4.0 International license.

loss of proper resolution of transition zones. Thus, changes in the spatial information contained
in the signaling network changes the transcription network readouts. This suggests that the

gpatial information is encoded in the signaling and not in transcription factor network.

We previously proposed a central role of CDX4 in regulating proper maturation of NPsin
the PNT. To theoretically test CDX4 role in the transcription network regulation, we evaluated
the transcription profile of network genes after removing, increasing or introducing noise to
Cdx4 transcription (Fig 6). When Cdx4 was removed from the simulation, Nkx1.2 transcription
expanded rostrally, overlapping significantly with the expression of differentiation markers Pax6
and Ngn2 (Fig 6A). This phenomenon is opposite to what is observed experimentally, were
downregulation of CDX4 activity usng an ENRCDX4 repression congtruct resultsin
downregulation of Nkx1.2 [12] (see discussion below). Conversely, when the levels of Cdx4
were increased in the ssimulation, Nkx1.2 expression domain shifted caudally, away from Pax6
expression domain, and rostral cells did not activate the late differentiation gene Ngn2 (Fig 6B).
Similar results were observed experimentally [12]. Thus, removing or increasing Cdx4
transcription affects the spatial relationship between early specification gene Nkx1.2 and neural
differentiation gene Ngn2, indicating that CDX4 function in the network iskey to establish a
transition zone between pluripotency and differentiation states. This function of CDX4 is robust,
asintroduction of noisein the transcription of Cdx4 did not affect the specification of the early
differentiation transition zone (Fig 6C). Thus, with one exception discussed below, our
simulation agree with our in vivo observed role of CDX4 in driving NP maturation during early

spinal cord development.

Fig 6. CDX4 function is necessary for proper inter pretation of signaling input by

transcription factor network. (A) Compared to standard conditions (Fig 4D), loss of Cdx4
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expression causes a large rostral expansion of Nkx1.2 domain, asmall reduction in Pax6 domain
and alarge caudal expansion in Ngn2 domain. These transcriptional changes resultsin the
overlap of stem cell and differentiation genes. (B) Overexpression of Cdx4 reduces Nkx1.2 and
eliminates Ngn2 expression domains, expanding the early differentiation zone and effectively
eliminating terminal cell differentiation. (C) Incorporation of noiseinto Cdx4 transcription has
insignificant effects on gene expression outputs. Loss of spatial expression is depicted by white

empty rectangle and gain in spatial expression as black outlined rectangles.

Discussion

Signaling factor ssimulation recapitulates signaling dynamics observed in natural systems

Our simulations describe the possible behaviors the FGF8-WNT8C-RA system can exhibit under
various interaction conditions (Fig 2). With small variationsin interaction’s strength, the system
can model behaviors associated with different stages of axial tissue development. In a system
where the FGF s activity dominates over RA’s activity, the simulation most closely resembles
the neural tissue at early stages of axial extension, whereas in a system where FGF activity
balances that of RA, the smulation resembles the maturation of spinal cord cell that occurs
during axial elongation. In contrast, aswitch in the system from FGF to RA most closely
resembl es the processes occurring during termination of body axis extension [9, 41].
Significantly, when the interactions between FGF and RA components are weak, the system
oscillates, resembling the oscillations observed between FGF/Wnt and the Notch signaling

pathway during the process of paraxial mesoderm segmentation [42]. Thus, with small
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modificationsin signal components interaction, one can observe large changes in the behavior of
the system equivalent to the changes normally observed in the spinal cord during axial

elongation.

We propose a model of vertebrate body extension where modulation of interaction
strength between different components of the system (e.g., transcriptionally, post-
transcriptionally or epigenetically), could regulate the spatio-temporal dynamicsinvolved in
vertebrate body extension. In this model, the time at which the system transitions from FGF
dominant, to FGF-RA balance, to RA switch respectively determine the time of tissue induction,
elongation and termination. For example, along period in which the FGF8-RA balance system is
operational could explain the elongated axis of vertebrates such as snakes; as long as the FGF8-
RA balance system remains operational, the caudal progenitor/stem cell pool will continue to
generate tissue and extend the axis. In this scenario, the time at which RA takes over the system
to initiate progenitor cell differentiation will determines the axial body length, with a fast FGF-

RA switch resulting in a shorter body axis and vice versa.

Transcription networ k simulation recapitulates cell statetransitionsin the caudal neural

plate

Results from simulation support arole for CDX in coordinating upstream signaling factors with
downstream transcription network components involved in spinal cord neural maturation. In the
present model, CDX4 functions to separate caudal stem cell populations (Nkx1.2" Pax6” Ngn2')
and from rostral differentiating cells (Nkx1.2" Pax6” Ngn2") by establishing a transition zone.

Thisisachieved by CDX4 repressing the stem cell gene Nkx1.2 and the late differentiation gene
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Ngn2, and by activating the early differentiation gene Pax6. In simulations, high levels of Cdx4
transcription resulted in downregulation of genes repressed by CDX4 (Fig 6B): Ngn2
transcription was lost while the anterior limit of Nkx1.2 transcription shifted caudally. Only the
caudal expression of Nkx1.2 was retained dueto its high dependence on WNT stimulation [35].
Increasing Cdx4 transcription does not have a significant impact on Pax6 expression domain as
CDX4 activity on Pax6 is under the control of RA secreted from somites [12, 38]. Together, the
changes in Nkx1.2 and Ngn2 transcription induced by CDX4 overexpression effectively increase
the size of the transition zone. The same way that premature differentiation signals has been
predicted to cause shortening of the embryonic axis[31], a greater separation of stem cell and
differentiation signalsis predicted to cause axial lengthening. These predictions would need to be

tested experimentally.

Significantly, results obtained by simulating loss of Cdx4 activity (Fig 6A) did not fully
match experiments done in vivo. With respect to differentiation genes, the network recapitul ates
in vivo results: Pax6 transcription was not affected due to dependence of this gene on RA [12,
38], whereas Ngn2 transcription was upregulated because this gene is normally repressed by
CDX4 [12]. In contrast, with respect to the NM P marker Nkx1.2, loss of Cdx4 caused an anterior
expansion of Nkx1.2 expression domain that was not observed experimentally. This discrepancy
can be attributed to the use of a dominant negative form of CDX4 to downregulate its activity
(ENRCDX4; [12]). Dominant-negative ENRCDX4 works by outcompeting endogenous CDX4
for binding sitesin target genes to repress transcription [43], which is different than not having
the CDX4 protein altogether (e. g, through a deletion of the gene). Given that our model
simulates the loss of CDX4 function and not the active repression of its downstream target genes,

this providing a possible explanation for the observed discrepancies between experimental
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systems. It is also possible that our current understanding of the transcription factor network is
incomplete. These two possible explanations are not mutually exclusive, and could be resolved
with additional experiments. Notwithstanding, the proposed transcription factor network
supports akey role for CDX4 in the segregation of cell statesin the nascent spinal cord,

providing a robust mechanisms for the progressive maturation of cells during axial elongation.
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SUPPLEMENTARY INFORMATION

Supplementary methods

1.1 Equation for modeling the signaling interactions driving neuronal differentiation

1.2 Parameters for signaling interactions

2.1 Equation for modeling the transcript factor interactions driven by the signaling input

2.2 Parameters for transcription factor interactions

Supplementary figures

Fig S1. Hill constant deter mine the strength of activating and repressing interactions. (A)
In a system with a constant amount of activator, downstream targets with lower Hill constants
(H1=1) have higher rate of production and reach higher final concentration values than targets
with ahigher Hill constant (H4=100). (B) Similar results are observed in a system with graded

input of activator, except that the response of the targetsis delayed. (C) In asystem with a
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constant amount of repressor, targets with lower Hill constant decline faster and to lower levels
than targets with a higher Hill constant. (D) Similar results are observed in systems with graded
input of repressor. Input is shown in blue. Outputs for the different Hill constants are shown in

other colors: H1=1 in red, H2=10 in orange, H3=20 in purple, and H4=100 in green.

Fig S2. FGF-WNT-RA signaling interaction resultsin different stable mRNA profiles. (A)
Profiles of mMRNA transcripts at t=6000 min associated with production of signaling protein and
metabolites (shown in Fig 2C left panels). (B) FGF-RA balance simulation ran for t=30,000 min,

showing the stability of the profile over longer simulation time (compared to Fig 2C top row).

Fig S3. Aberrant RA distribution profilesin the absence of positive RA feedback. Weak
positive feedback of RA on Raldh2 production resultsin aberrant RA, but not FGF, distribution.
(A) Peak of RA at thelevel of the field where the FGF-RA switch should occur (1500-2000 pm).

(B) Oscillatory fluctuation of RA levelsin the region of cell differentiation (>1500 pm).

APPENDI X

SIGNET.m: Matlab code for simulating signaling dynamics.

TRANSNET.m: Matlab code for simulating transcriptional factor dynamics.
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